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  ABSTRACT 
 
Evaluating the integrity of concrete structures is an essential procedure to ensure 
structural safety and durability. Non-destructive testing (NDT) is needed for localizing 
and characterizing the growing damage in existing structures and also for quality control 
of new structures. Visual inspection is a commonly used method; however it is not 
suitable for early detection of damage and very dependent on the experience of the 
inspector. More research is needed to establish advanced methods for structural health 
diagnosis such as acoustic emission (AE). Acoustic emission is notably sensitive to active 
damage in concrete structures. This thesis includes three studies that mainly investigate 
the effectiveness of AE for condition assessment. 
The first study aims to present a review of AE-based methods for evaluating the 
state of in-service structures during load testing. Discussion on the reliability of the 
proposed methods for different types of structures is provided. Acceptance criteria and 
quantification limits are summarized based on previous researches. AE has shown 
promising results in assessing the structural condition of concrete members and its ability 
to detect micro-cracking is well established. The extensive applications of AE 
accomplished in field are fairly discussed and some recommendations were given for 
effective diagnosis. This study attempts to pave the way for the standardization of AE as 
an inspection and evaluation method for in-service concrete structures. 
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The second study discusses the feasibility of utilizing AE for corrosion detection 
and quantification. The high sensitivity of AE enables it of detecting the weak stresses 
emerged due to corrosion initiation and propagation. The ability of AE to monitor the 
corrosion process was proven by several studies on small and medium scale specimens. 
Locating the corrosion damage by AE was successfully achieved in laboratory. 
Quantifying the corrosion damage is examined by means of intensity grading charts for 
cracked and un-cracked prestressed concrete specimens. However, further research is 
needed to establish the quantification limits and to extrapolate the results to in-service 
structures. 
The third study investigated the ability of AE to detect damage in prestressed 
concrete specimens. The study included eight beams that were monitored during cyclic 
load tests. Five specimens were preconditioned to different levels to present possible 
practical circumstances. Index of damage based on AE-cumulative energy was 
investigated for damage assessment. The results were in well agreement with the 
observed damage. However, this method is not convenient for field application as it 
involves exceeding the maximum admissible damage during the test. Thus, a 
modification to the index is proposed to facilitate field implementations. The modified 
index of damage showed a clear trend with the growing damage and the detection of 
yielding point was enabled in both cracked and un-cracked specimens. 
The studies presented in this thesis provide an overview of different AE-based 
methods that can serve as guidance for future researchers as well as a case of study for a 
newly developed method. The outcomes of these studies verify the viability of using AE 
for structural health diagnosis. AE showed promising ability for corrosion damage 
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assessment. However most of AE-methods require the aid of a benchmark for absolute 
conclusions. Further investigation is needed for the standardization of AE as an 
independent non-destructive evaluation method. 
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CHAPTER 1 
INTRODUCTION 
1.1 BACKGROUND 
Deterioration of concrete has significant effect on the performance and 
serviceability of structures. Many factors can contribute to the deterioration of concrete 
structures such as; poor construction, overloading, aging, corrosion of steel, chemical 
reactions, natural disasters, etc. Unfortunately, damage propagation is a time dependent 
process with serious effect on structural capacity and durability. Deterioration signs can 
be visible such as concrete cracking or excessive deflections which can be detected with 
visual inspection. In these cases, the concrete member has probably reached significant 
level of damage. Early detection of damage minimizes the repair costs and preserves the 
service-life of the structure. 
Inspection and maintenance costs of infrastructures present significant share of 
the domestic income. The American Society of Civil Engineers (ASCE) report card in 
2013 stated grade C+ for bridges; one of nine of the nation‘s bridges are rated 
as structurally deficient. Annual cost of $20.5 billion is needed to address these 
deficiencies by 2028. Corrosion related repairs are a significant contributor to this value.  
Condition assessment of existing structures is needed for maintenance scheduling and 
funding prioritization and by extension minimizing the required costs.  
More advanced methods are needed for effective structural health diagnosis. 
Acoustic emission (AE) technique is used by the studies in this thesis for damage 
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assessment. The high sensitivity of AE enables it to detect the stress waves emerged by 
local deformations such as cracking. These waves are detected by sensors placed on the 
on the surface of the material. Analysis of the detected signals using AE parameters 
provides an insight to the behavior of concrete. 
Many studies were conducted to investigate the applicability of AE for damage 
assessment during load testing (Ono 2010; Nair and Cai 2010). Several studies examined 
the feasibility of using AE for detecting corrosion damage (Song and Shayan 1998; Ohtsu 
and Tomoda 2008; Mangual et al. 2013). Most of the researchers focused on developing 
new AE-based damage quantifying methods instead of establishing the existing methods. 
This led to differences in the results of these methods when applied to different specimen 
type or size or using different sensor type. A review of the previously proposed methods 
is given in this study in an effort to eliminate the gaps in perceiving AE-based methods 
and provide guidance for future studies and applications.    
1.2 OBJECTIVES AND SCOPE 
The main objectives of this study can be summarized as follows: 
1. Give a brief review of AE-based damage assessment methods which have been 
developed for load testing of concrete structures, evaluation of the reliability of 
these methods to detect different damage mechanisms associated with prestressed 
and passively reinforced concrete structures, state the established limits for 
classification of the accumulated damage, and point out the field applications that 
has been carried out using AE and also provide useful conclusions toward the 
standardization of AE for evaluation and inspection of in-service structures. 
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2. Examine the feasibility of using AE for early detection of corrosion damage by 
discussing the studies that has been conducted in this category and summarize the 
proposed methods and elaborate their efficiency for detection and quantification 
of corrosion damage. The study aims to provide guidance for future researchers so 
the results can be further extrapolated to field application.   
3. Investigate the utility of a damage index based on cumulative AE energy 
(Benavent-Climent et al. 2011) gathered during cyclic load testing (CLT) of 
prestressed girders. Examine the ability of AE to assess damage on members with 
different structural conditions by pre-cracking and corroding some of the 
specimens before conducting the CLT test. 
4. Propose a modification to the index of damage that may broaden the applicability 
of this parameter and facilitate field implementations. 
1.3 LAYOUT OF THESIS 
The thesis consists of six chapters. In Chapter 2, a brief description of the AE 
technique is presented along with definitions of basic AE parameters. 
Chapters 3 through 5 were written in paper form and submitted for publication as 
journal articles. The description of some AE parameters may be repeated in these 
chapters. 
Chapter 3 is titled ―Review of Acoustic Emission as a Condition Assessment 
Method for Concrete Structures‖, where an extensive review of AE based condition 
assessment methods for concrete structures during load tests is presented. 
The title of Chapter 4 is ―A Review of Acoustic Emission Application for 
Corrosion Detection in Concrete Structures‖. In this chapter AE based corrosion 
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detection methods are discussed and the applicability of AE to detect corrosion is 
addressed. 
Chapter 5 is titled ―Acoustic Emission Based Damage Assessment Method for 
Prestressed Concrete Structures‖.  This chapter investigates the applicability of an AE 
condition assessment method for prestressed concrete beams. A modification for the 
method is also proposed and validated. 
A summary of the main findings of the research included in the thesis is presented 
in Chapter 6. Recommendations for future researchers are included in this chapter. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 INTRODUCTION 
Acoustic emission is the waves that are generated as energy from elastic or plastic 
deformations occurring in the material. ASTM E1316 (2006) defines acoustic emission 
(AE) as ―the class of phenomena whereby transient elastic waves are generated by the 
rapid release of energy from localized sources within a material, or the transient elastic 
waves so generated‖. AE waves can be generated as a result of various sources including 
dislocations, micro-cracking, and other changes due to the increase in the strain. The 
method is very sensitive (in the kHz range) which enables it to detect damage long before 
it is visible. AE sensors record the vibrations created by the waves when they reach the 
material‘s surface. An AE sensor consists of piezoelectric crystal encased in aluminum or 
steel casing to protect it from damage. The piezoelectric crystal convert the detected 
wave to electric signal, amplify it (internally or using external pre-amplifier), and send it 
to the data acquisition system. Figure 2.1 shows a schematic for AE monitoring process. 
The passive ability of AE, external excitation or stimulus is not required for data 
collection once sensors are placed, makes it a suitable candidate for real-time monitoring 
and structural health monitoring of in-service structures. The method has also shown 
promise in assessment of damage during load tests of different structures and materials 
including fiber reinforced polymer (FRP), steel, reinforced concrete (RC), and  
prestressed concrete (PC). 
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Numerous investigations were conducted to AE as a non-destructive evaluation 
(NDE) method for RC and PC structures, which are the main components of 
infrastructure such as highway bridges. The main challenge in these studies was wave 
attenuation and reflections due to the heterogeneous nature of concrete. Chapter 3 
discusses in detail all the efforts that were conducted to produce AE damage evaluation 
methods for concrete structures. Additionally, Chapter 4 presents the studies that were 
conducted in an effort to use AE as a non-destructive test (NDT) method for detection 
and quantification of corrosion damage. Different measured AE parameters are presented 
in this chapter.  
2.2 ACOUSTIC EMISSION PARAMETERS 
 
As indicated earlier, AE waves are generated from a sudden release of energy. 
The strength of AE signals depends on a number of factors such as distance and 
orientation of the source with respect to the sensor as well as nature of transferring 
material. Detected AE signals are usually referred to as ‗hit‘. A more detailed analysis 
can be conducted on the waveform of each signal to calculate a number of parameters 
such as amplitude, rise time, duration, signal strength, energy, counts, etc. (ASTM 
E1316). Figure 2.2 shows an AE waveform schematic with some of the parameters 
described. The definitions of some commonly used AE parameters are described here:  
1. Hit  
Hit is the process of detection and measurement of an AE signal on an 
individual sensor cannel (ASTM E1316). 
2. Event 
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Event is the rise of AE activity that will cause multiple hits on different 
sensors (ASTM E1316). A single event can be detected on multiple sensors. 
3. Amplitude 
Amplitude (also known as signal amplitude) is the largest voltage peak in the 
AE signal waveform; customarily expressed in decibels (dB) relative to 1 µV 
at the preamplifier input (dB) assuming a 40 dB pre-amplification. Decibels is 
the unit of measurement for AE signal amplitude A, defined by A (dB) = 20 
log Vp; where Vp is the peak signal voltage in µV referred to the preamplifier 
input (ASTM E1316).  
4. Duration 
Duration is defined as the time from the first threshold crossing to the end of 
the last threshold crossing of the AE signal from the AE threshold (ASTM 
E1316). 
5. Rise time 
Rise time is the time from an AE signal‘s first threshold crossing to its peak 
(ASTM E1316). 
6. Counts 
Counts are the number of times the AE signal crosses the detection threshold 
(ASTM E1316). 
7. Signal Strength 
Signal strength is defined as he measured area of the rectified AE signal with 
units proportional to volt seconds (the proportionality constant is specified by 
the AE instrument manufacturer) (ASTM E1316).  
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where:    is the signal strength,    is the positive signal envelope function,    
is the negative signal envelope function, t1 is the time at first threshold 
crossing, and  t2 is the time at last threshold crossing (Fowler et al. 1989). 
8. Average Frequency 
Average Frequency is the ratio between number of counts and the duration of 
the AE signal. 
9. Peak Frequency 
Peak frequency is the point in the power spectrum at which the peak 
magnitude occurs. The peak frequency is a 2 byte value reported in kHz. 
10. RMS 
The root mean square (RMS) is a measure of continuous varying AE voltage. 
It is defined as the rectified time averaged AE signal measured on a linear 
scale and reported in volts.  
11. RA value 
RA value is the ratio between rise time and maximum amplitude in Volts from 
an AE signal. 
2.3 ACOUSTIC EMISSION SOURCE LOCATION 
AE has the ability to locate the source of emitted waves. This technique is very 
similar to that used in seismology to locate the epicenter of earthquakes (Ono 2010). If 
the speed of AE wave in the tested material is known, source location can be performed 
using the arrival times of AE signals at different sensor locations. Since it requires more 
than one sensor, only AE events are detectable using this technique. The algorithms that 
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perform source location are well established and usually embedded in the data acquisition 
software. AE source locations can be done in a linear or planar or three-dimensional 
space based on the number of sensors used. AE source location is challenging since the 
nature of the material, presence of existing cracks in the source-to-sensor path, and the 
dimensions of the tested member might lead to false events as a result of wave 
reflections. Previous research showed that AE source location is feasible in RC or PC 
structures if proper filters were used (Xu 2008; ElBatanouny et al. 2012) 
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Figure 2.1: AE monitoring process (adopted from ElBatanouny 2012) 
 
 
 
 
 
Figure 2.2: Schematic showing some parameters of an AE waveform 
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CHAPTER 3 
REVIEW OF ACOUSTIC EMISSION AS A CONDITION ASSESSMENT METHOD FOR 
CONCRETE STRUCTURES
1
 
 
 
 
 
 
 
 
 
 
                                                 
1
 Marwa Abdelrahman, and Paul H. Ziehl. To be submitted to ACI Materials Journal. 
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3.1 ABSTRACT 
The need for effective evaluation of structures integrity has arisen due to the 
severe degradation in the condition of in-service structures. This paper gives a brief 
overview of acoustic emission technique and its applicability for structure health 
diagnosis. Emphasis was given to the discussion of the established damage assessment 
criteria for concrete structures. An approach to set limits for damage classification is 
illustrated. These limits are dependent on the type of concrete, RC and PC, and the results 
of similar specimens loaded under similar condition should be comparable. Examination 
of some recent applications of AE was performed in attempt to conduct an improved 
structural health monitoring as well as to discuss the gaps in perceiving AE technique. 
This study appraises a movement toward the standardization of AE testing procedure.  
Keywords: Structural health monitoring, nondestructive evaluation, acoustic 
emission, load tests 
3.2 INTRODUCTION 
Structural health monitoring (SHM) of in-service structures is of a great 
importance. A better understanding of the active state of an existing structure aids in 
maintenance scheduling and funding prioritization. Continuous monitoring techniques 
and real time damage detection systems enable early detection of structural deficiencies 
and provide data to improve existing visual inspection techniques. This may reduce both 
the number of inspections required and the length of each inspection.  
Nondestructive testing techniques (NDT) include methods used to inspect 
components, materials, or systems without being adversely affected by the inspection 
(ASNT 1996). According to ASNT 1996, NDT can be classified as either active or 
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passive depending on the energy input to a system. Active techniques, such as ultrasonic 
or radiography, are based on pulsing energy into the inspected specimen and monitoring 
the recorded signals. Passive techniques includes methods in which an energy input is not 
required for response, rather the response is a result of structural response to external 
loading. Examples of passive NDT include acoustic emission (AE), dye penetrant testing, 
and leak detection (Bray and Stanley 1997). It is noted that many modern AE equipment 
is manufactured such that an active mode may be used. The signals detected with AE, is 
generated from the stressed material itself while defects occur, this differentiates AE 
from many NDT methods which may detect false defects such as a geometric 
discontinuity due to wave or signal dispersal. The high sensitivity of AE and its ability to 
detect damage occurring in real-time, make it a strong candidate for serving as an 
efficient SHM tool and give it an advantage over other nondestructive testing methods 
(Pollock 1986; Ziehl 2008; Ziehl and Pollock, 2012). 
Acoustic emission (AE) is defined by the American Society of Testing and 
Materials (ASTM E 1316-06) as ‗the class of phenomena whereby transient elastic waves 
are generated by the rapid release of energy from localized sources within a material or 
the transient elastic waves so generated‘. So when cracking or any other irreversible 
changes take place ultrasound waves are generated. These mechanical waves propagate 
through the material to piezoelectric transducers placed on the surface of the loaded 
structure where these waves are converted to electrical signals. Signals from sensors are 
then amplified and data can be analyzed for structure health diagnosis. The sensitivity of 
AE enables it to detect cracks in the micro-level phase (invisible cracks in the micrometer 
range).  Figure 3.1 shows a schematic of wave generation and detection.  
 14 
 
AE activity has been shown to rise as a result of various forms of deformations 
and fractures such as crack propagation or fretting of crack faces against each other (Ono 
2010). However, existing cracks, visible cracks in the millimeter range, will not produce 
AE signals if they are not active, i.e. growing. Given the passive nature of the technique, 
the use of AE does not require the location of a specific defect to be known in advance. 
As a result, global inspection of a structure can be carried out effectively and quickly 
using AE when appropriate sensor coverage is used. Many studies have investigated the 
feasibility of using acoustic emission technique for structural health monitoring and 
nondestructive evaluation (NDE) in the last two decades (Ono 2012; Nair and Cai 2010). 
These studies have resulted in numerous methodologies and parameters proposed for 
damage assessment. The evaluation is based on results from AE data gathered during 
load tests. Some of the methods can also be used in continuous monitoring of in-service 
structures. These methods utilize AE waveform parameters which differ based on degree 
of damage and material properties.  
This is a review of AE methods available for SHM and focuses on the comparison 
between different methods and evaluation of the methods based on the ability to best 
assess various damage mechanisms specific to both prestressed and passively reinforced 
concrete structures. The study aims to provide guidance for future researchers in terms of 
limits for damage assessment criteria and their applicability to different concrete 
structures. 
3.3 RESEARCH SIGNIFICANCE  
Structural health monitoring using AE not only helps to detect accumulated damage 
but also can be used to identify the potential defects. This allows owners to repair damage 
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at early stages and by extension saves time and expenses. The study presented here 
investigates AE techniques that can be used to describe damage in concrete structures. 
The established limits for classification of the accumulated damage will be reported; thus 
a better approach of AE diagnoses for structural health can be achieved. It can also be 
considered a step towards the standardization of AE as a nondestructive evaluation 
(NDE) method for in-service structures. 
3.4 HISTORICAL BACKGROUND 
Investigation of the acoustic emission technique started in the 1930s. The first 
published studies were on prognostication of rock explosions in mines in the early 1940s 
(Ono 2010). Later, research on the uses of AE in aerospace and geotechnical fields was 
carried out. In early 1950s, Dr. Joseph Kaiser began to research the generation of stress 
waves as a result of material deformation. In this work Kaiser found that the amplitude 
and intensity of AE waves during deformation are dependent on material properties. The 
Kaiser effect was proposed in 1953 using tensile experiments on metals (Kaiser 1953). 
More details about the Kaiser effect are provided later. In 1954, Schofield began the first 
research program in the United States on AE applications in material engineering and 
defined continuous and AE burst emissions (Schofield et al. 1958). In 1958, an 
investigation was conducted where generation of AE waves during deformation of mild 
steel was detected. This study was significant as it proved that AE waves initiated close 
to the specimen yield and also prior to failure (Lean and Plateau 1959a,b). During the 
same period several studies were conducted in the former Soviet Union on the prediction 
of coal bursts and fracture of rocks (Shamina 1956; Vinogradov1964; Knill et al. 1968). 
Based on these investigations, implementation of AE technique for failure prediction 
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commenced in the early 1960s (Green et al. 1963; Green et al. 1964; Dunegan 1963). In 
the last 20 years the technique has developed significantly and AE evaluation of 
infrastructures such as bridges and dams has begun. Different damage detection and 
quantification methods have been proposed and examined. The applicability of AE 
damage quantification techniques investigated in a laboratory setting and the eventual 
transition to in-service structures has also occurred during this time frame (Ono 2010; 
Vidya and Raghu 2012). Recent studies used AE during load testing of in-service 
highway bridges (Xu 2008; Olaszek et al. 2010). The proliferation of the technology 
during this time period with particular emphasis on the use of the technique applied to 
concrete structures has motivated this study. 
3.5 BASICS OF ACOUSTIC EMISSION 
Acoustic emission is the term used to describe elastic stress waves generated from 
rapid release of energy. AE sensors consist of piezoelectric crystals which are placed in 
casing for protection and attached using a simple acoustic coupling. The sensors are 
highly sensitive, operating in the kHz range; this sensitivity enables the detection of 
cracks long before they are visible (Bray and Stanley 1997; Ziehl 2008). The sensitivity 
of AE sensors along with their wide ranges of operation makes AE an ideal candidate for 
assessment of in-service structures. Sensors are available with a wide variety of sizes and 
different operation ranges. 
The emitted transient elastic waves are typically short pulses that depend on the 
dynamics of the source. From submicroscopic dislocations to gross cracking, the energy 
and amplitude of the emissions change over a wide range. The emissions can be 
classified into burst or continuous emission as shown in Figure 3.2. Burst emission is 
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defined by individual pulses during which higher amplitudes can be recognized. This 
type of emissions can emerge from cracking and fractures. Continuous emission 
waveforms are inseparable. Such emissions can be attributed to plastic deformations, 
friction, flow noise, etc. (Ono 2010). 
3.5.1 AE key parameters: 
A number of AE parameters are typically measured for signal analysis. To assess 
these parameters, a voltage threshold is set to selectively reject signals defined by 
maximum amplitudes lower than the threshold. These rejected signals are classified as 
noise and simply disregarded. This threshold can be user adjustable, fixed, or automatic 
floating (ASTM E 1316-06). 
The local material change which gives rise to acoustic emission can be considered 
as ―event‖. One event may cause various ―hits‖ which is the detection and measurement 
of an AE signal on an individual sensor channel (ASTM E 1316-06). AE data analysis 
involves measurement of key parameters of each hit. Some of these parameters are 
illustrated in Figure 3.3 (Pollock 1986) and defined by ASTM E 1316-06 as shown in 
Appendix A. 
3.5.2 Kaiser Effect: 
The Kaiser effect is the absence of detectable acoustic emission, at a fixed 
sensitivity level, until previously applied stress levels are exceeded (ASTM E 1316-06). 
An example of the effect is shown graphically in Figure 3.4. In this figure; when a 
specimen is loaded (from A to B), unloaded (from B to C) and reloaded (from C to D); 
AE activity is generated on the first loading (AB) but there is no emissions on the 
unloading phase (BC) or in the reloading (CB) until the previous load is exceeded. This 
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irreversibility of AE activity indicates no or minor damage. The absence of Kaiser Effect 
is called the Felicity effect in which some emissions are detected during the reloading 
stage (Fowler 1986). The Felicity effect is clarified in Figure 3.4 as when the specimen is 
loaded to point D, unloaded to point E and then reloaded to point G; AE activity is 
detected at point F during the reloading stage which is at lower load than the previous 
reached load D. The occurrence of Felicity effect is an indication of structurally 
significant defects (Fowler and Gray 1979; Pollock 1995; Ziehl and Fowler 2003). On the 
basis of this phenomenon, the Felicity ratio was developed. This ratio is also called load 
ratio (Ohtsu et al. 2002) and is defined as the load at the onset of AE activity on the 
subsequent loading divided by the previous loading, therefore a Felicity ratio lower than 
unity is an indication of damage (Yuyoma et al. 1994; Hearn and Shield 1997; Yuyoma et 
al. 1998).   
The Felicity effect was investigated in a study conducted in 2002 where three full 
scale box girders of span 21.3 m (69 ft. 11 in.) were tested in bending. The girders had 
various damage levels due to delayed ettringite formation (DEF) and alkali-silica reaction 
(ASR) (Tinkey et al. 2002). Beam BG1 had minor damage, beam BG2 had intermediate 
damage and beam BG4 was heavily damaged. The beams were equipped by six 60 kHz 
resonant sensors on the expected flexure zone with 1.8 m (6 ft.) spacing. The results 
showed that the Felicity ratio can be correlated to the level of damage as shown in Figure 
3.5 (Tinkey et al. 2002). 
3.6 AE DAMAGE ASSESSMENT PARAMETERS 
This paper reviews the AE parameters that have been investigated by different 
studies. A review map was initially created to give an overview of the efforts that have 
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been conducted as shown in Figure 3.6. The reviewed studies were divided according to 
the type of specimen, specimen size, loading protocol, type of sensor used and the 
investigated parameters. As seen in Figure 3.6, the studies related to each group were 
written underneath it in brackets with the same numbering of the authors shown in the 
figure. The parameters are discussed in further details in the following sections.  
3.6.1 Intensity Analysis 
Intensity analysis is a method which was developed to characterize damage in 
structural elements. This method was primarily introduced to quantify damage in fiber 
reinforced polymer (FRP) vessels and tanks (Fowler et al. 1989). Intensity analysis is 
performed by calculating two parameters, historic index and severity, from the AE 
waveform parameter signal strength. Historic index, H(t), is a form of trend analysis that 
estimates the changes of slope in the AE signal against time by comparing the average 
signal strength of the most recent events to the average signal strength of all events 
(Fowler et al. 1989). The parameter attempts to provide a historical approach to the level 
of damage present in the element. Severity, Sr, is defined as the average signal strength of 
a number of events (J) having the largest numerical value of signal strength. Fowler 
proposed a value of J equal to 10 for FRP vessels(Fowler et al. 1989), but a value of 50 
events is widely accepted by the later studies for RC and PC members (Nair and Cai 
2010; Golaski et al. 2002; Lovejoy 2008). Historic index and severity are shown in 
Equations 3.1 and 3.2, respectively. In these equations, N is number of hits up to and 
including time (t), Soi is the signal strength of the i-th event, and K is empirically derived 
factor that varies with number of hits. The value K has been derived based on material 
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type as shown in Table 3.1. By plotting the maximum severity and historic index values 
the intensity of AE data is obtained.  
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Plotting the resulting intensities of an AE data set, the resultant plot has been 
divided into regions based on the level of damage occurring within the element or 
structure. For FRP vessels and steel pipes these damage zones have been clearly defined 
based on numerous uses of the method. An example of a plot developed for FRP vessels 
is shown in Figure 3.7. The chart is divided into five sections corresponding to different 
damage levels. It can be seen that a clear trend is noticed where increasing damage is 
plotted up and to the right of the graph (Fowler et al. 1989). Boundaries of the grading 
bands may be adjusted from a historical database, depending upon specific structural 
properties, or for environmental conditions.  
Several studies have been conducted to examine the applicability of AE intensity 
analysis when applied to reinforced concrete (RC) structures (Proverbio 2011; Nair 2006; 
Shahidan et al. 2011; Basri et al. 2012; Shahidan et al. 2012; Lovejoy 2008). Lovejoy 
(2008) applied this analysis method in a study which included 31 RC full-scale beams 
having T and inverted T (IT) cross sections. The results of a typical full-scale RC test 
beam loaded with monotonically increasing magnitude loading/unloading cycles are 
shown in Figure 3.8. The specimens measured 8 m (26 ft. 3 in.) in span, 1.2 m (4 ft.) in 
depth and were instrumented with six AE resonant sensors; 60 kHz and 150 kHz. The 
results of this study (Lovejoy 2008) showed patterns similar to previous studies where 
data points of higher damage level plotted towards the top-right corner of the plot. The 
 21 
 
data from the investigation was used to divide the developed plot into three regions based 
on the level of damage. As seen in Figure 3.8, the highest AE intensities occurred at load 
cycles corresponding to 47% and 100% of the ultimate capacity. The point plotted from 
47% ultimate load occurred during the formation of diagonal tension cracks. At ultimate 
capacity a shear compression failure mode was observed. 
Golaski et al. (2002) applied the intensity analysis to two full-scale prestressed 
concrete (PC) IT beams tested under repeated loading up to failure. The beams were 12 
and 18 m (39 ft. 4 in. and 59 ft. 1 in.) long and instrumented with 10 sensors. The values 
of N and K used to calculate the historic index and severity are given in Table 3.1. AE 
intensity moved from zone A to D as the beam was loaded up to failure as shown in 
Figure 3.9.  
3.6.2 Calm ratio versus Load ratio 
The calm ratio versus load ratio is an alternative method of damage classification 
which is included in the Japanese code for NDT (NDIS-2421 2000) and was proposed by 
Ohtsu et al. (2002) based on a study including five RC beams tested under cyclic loading. 
AE data was gathered and evaluated in terms of the proposed ratios in an effort to classify 
the damage occurring in the test set. The Load ratio (also known as Felicity ratio or 
concrete beam integrity [CBI] ratio) is defined as the ratio of load level where AE events 
are newly observed in the subsequent loading cycle to the previous load level (Ohtsu et 
al. 2002). Calm ratio is defined as the number of cumulative AE activities during the 
unloading process divided by total AE activity during the last loading cycle up to the 
maximum (Ohtsu et al. 2002). The parameter used for the calculation of this ratio has 
varied between investigations. It has been seen that hits, cumulative energy, and 
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cumulative signal strength may be used for calculation (Lovejoy 2008; Ziehl et al. 2008; 
Liu and Ziehl 2009; Barrios and Ziehl 2012). The resultant plot from the calculation of 
these ratios is presented by plotting calm ratio versus load ratio and is usually divided 
into three levels of damage: minor, intermediate and heavy as shown in Figure 3.10 
(NDIS-2421 2000). The differentiation of these areas is the subject of some debate within 
the literature and has yet to be clearly defined based on reinforcement type. It has been 
stated that the limits are dependent on specimen type, dimensions and also type and 
spacing of AE sensors used. Table 3.2 provides the limits used in previous studies along 
with the specimen type.  
Figure 3.11 shows the results of three full scale prestressed girders of span 17.7 m 
(58 ft. 2 in.) and 1.1 m (45 in.) height that were tested by cyclic load test (CLT) loading 
protocol ACI 437.1R-07 (2007) and monitored by six 60  kHz resonant sensors (R6i) 
(Barrios and Ziehl 2012). One of the girders was subjected to fatigue loading before 
testing. Two possible sets (based on either minor or heavy damage) of intuitive limits, 
which are in agreement with the visual inspection, were proposed. The validity of 
different limits proposed by other authors were investigated in the same study and none 
of them could properly fit the data. Therefore, there are no consistent boundaries 
developed for using this method to quantify damage.  
3.6.3 Peak Cumulative Signal Strength Ratio (PCSS ratio) 
PCSS ratio compares the magnitude of emissions in terms of signal strength during 
the load hold of a reload cycle to that of the initial cycle.  This evaluation criterion was 
developed by Ridge and Ziehl (2006) in a study where two strengthened RC beams with 
a span of 3.7 m (12 ft. 2 in.) were evaluated by acoustic emission. The beams were 
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monitored by four 60 kHz resonant sensors with particular emphasis on cumulative signal 
strength (CSS) during load holds. To use the methodology, cyclic loading conditions 
must be set such that the level of load during the reload cycle must be less than or equal 
to that of the initial load cycle. The method‘s hypothesis is that irrelevant emissions are 
reduced during holds (i.e. emissions occurring as a result of loading), thus AE activity 
occurring during load holds is more indicative of existing damage. PCSS ratios are 
calculated using the initial and reload cycles of each loadset, as given in Equation 3.3. 
This ratio increases with the increase of load. In this study, damage was observed at a 
value of PCSS between 30% and 50%. Therefore a value of 40% was chosen to indicate 
significant damage.  
               
                                     
                                           
      (Eqn. 3.3) 
The parameter was further studied in an investigation which included four PC T-
beams using twenty-four resonant sensors (PAC R6i-AST) (Xu et al. 2013). The beams 
were loaded with cyclic load test (CLT) methodology proposed by ACI committee 437 
(2007) with addition of load cycles specially modified for the application of the PCSS 
calculation. The results of these tests did not show a clear trend and the criteria seemed to 
be less effective for detecting significant damage in PC. This may be attributed to the 
differences in behavior between passively reinforced concrete and prestressed concrete 
under sustained load which could be reflected in the amount of AE activity recorded 
during the load hold.  
3.6.4 Relaxation Ratio 
The relaxation ratio focuses on the AE activity during unloading as an indication 
of accumulated damage. It has been observed that AE activity during unloading increases 
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with the increase of damage (Colombo et al. 2005). The relaxation ratio evaluation 
method was proposed as a result of a study on 16 RC beams. A portion of these beams 
were tested at the University of Edinburgh, Scotland (data set 1 & 3) while the remaining 
beams were tested at Kumamoto University, Japan (data set 2). All beams were tested in 
cycles of increasing magnitude up to failure. AE energy was recorded during loading and 
unloading using resonant sensors (R6i) and broadband sensors (WD and UT-1000). 
Based on the recorded AE energy, the relaxation ratio was calculated for each load cycle 
according to Equation 3.4; where the average energy is calculated as the cumulative 
energy recorded for each phase divided by the number of recorded hits. If the relaxation 
ratio is lower than one, the cycle is called loading dominant. Loading dominate stages are 
an indication that no serious damage has accumulated. If the ratio is greater than one, the 
unloading or relaxation phase of the cycle is dominant and thus considered an indication 
of significant damage. Activity during the unloading portion of a cycle is often a resultant 
from the friction of existing cracks. Figure 3.12 shows the results of the beams of data set 
1; the loading phase is dominant until the load reaches approximately 45% of the ultimate 
failure load then the relaxation phase becomes dominant. The beams of data set 2 did not 
reveal a clear trend. These differences between the results of the two data sets can be 
attributed to the variations of sensor type, dimensions of section, concrete properties and 
the mode of failure.  
Liu and Ziehl (2009) investigated the applicability of the relaxation ratio on 14 
small scale RC specimens with dimensions 152x152x762 mm (6x6x30 in.). Conventional 
and self-consolidating concrete (SCC) were used to create the specimens. Nine specimens 
were loaded to fail in flexure while the remaining five were shear specimens. All 
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specimens were loaded using the CLT protocol (ACI 437 2007). Four R6i sensors were 
attached to each specimen for AE monitoring. The results of flexural specimens showed 
that, in general, the relaxation ratio increases to a value of one until yield; then the value 
decreases in the post-yield cycles. No clear trend was seen in the shear specimens.  
Xu et al. (2013) used this criterion in his study on four prestressed concrete beams 
described in the previous section. Relaxation ratio was computed for the first cycle of 
each loadset, a loadset includes two identical cycles. No clear pattern was recognized 
from the results of the beams as one showed high relaxation ratio before even being 
cracked and other two beams remained below the threshold of one until they were 
cracked and failed. Thus, relaxation ratio can be considered inaccurate for damage 
assessment in prestressed concrete members. Results of relaxation ratio behavior 
observed in different studies are summarized in Table 3.3. 
                  
                               
                                   
  (Eqn. 3.4) 
3.6.5 b-value and Ib-value 
This method was developed for seismology to quantify the magnitude-frequency 
relationship and has been recently adopted in AE. Similar to seismology, AE events with 
higher magnitudes occur less often than AE events with lower magnitudes. Gutenberg-
Ritcher proposed a formula for calculating b-value as shown in Equation 3.5 where: ML is 
Ritcher magnitude; N incremental frequency (i.e., the number of events with magnitudes 
in the range of ML ± ΔM/2); a and b are empirical constants (Shearer 1999). 
                (Eqn. 3.5) 
          
       (Eqn. 3.6) 
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The method was adopted for AE by replacing the Richter magnitude with the 
amplitude of AE hits as shown in Equation 3.6 (Sammonds et al. 1994). It is 
hypothesized that micro-cracks (invisible) will have more AE hits with low amplitude 
while macro-cracks (visible) will have more AE hits with high amplitude. Therefore, a 
high b-value will indicate minor or no damage and a low b-value will indicate heavy 
damage (Sammonds et al. 1994). It was reported that to have comparable results to that 
from seismology a multiplier of 20 should be used with the b-value from AE (Shiotani et 
al. 2001).  
Similar to b-value, an alternative method was proposed to evaluate slope failure 
and is called improved b-value, Ib-value, as shown in Equation 3.7 (Shiotani et al. 1994). 
Test results showed that the method successfully followed the progression of slope 
failures. In Equation 3.7: σ is the standard deviation; µ is the mean value of the amplitude 
distribution; α1 coefficient related to the smaller amplitude; and α2 coefficient related to 
the fracture level. This method was applied in AE by modifying the Ib-value as shown in 
Equation 3.8 where:  (μ – σ) is the number of hits with an amplitude higher than μ – σ, 
and  (μ   σ) is the number of hits with an amplitude higher than (μ + σ) (Aggelis et al. 
2009). 
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    (Eqn. 3.8) 
The number of AE hits that should be included in either of the two methods varies 
in the literature between 50 and 130, yet a number of 100 hits was often selected 
(Shiotani et al. 2000; Ono 2010; Colombo et al. 2003; Aggelis et al. 2009). Figure 3.13 
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shows trials for choosing the number of events for calculating b-value (Colombo et al. 
2003). 
Colombo et al. (2003) used b-value parameter on a RC beam with a span of 2m (6 
ft. 6 in.). The beam was subjected to cyclic loading and monitored with eight 60 kHz 
resonant sensors (R6i). The b-value behavior was related to the micro-cracking and 
macro-cracking observed during the test. Damage quantification was carried out and the 
results are shown in Table 3.4. As interpreted from the results, minimum b-value 
indicates the formation of macro-cracks and maximum b-value denotes micro-cracking 
stage.  
Aggelis et al. (2009) applied the improved b-value (Ib-value) in their study of two 
RC and two fiber reinforced concrete specimens tested in bending. The fiber reinforced 
specimens were half plain concrete and half vinyl fiber reinforced mortar. All the 
specimens were 150 x 150 x 530 mm (6 x 6 x 21 in.) in dimension and reinforced with 
two reinforcing bars of 13 mm (0.5 in.) diameter on the tension side. Twelve 60 kHz 
resonant sensors were used for data acquisition. It was observed that as the load was 
increased in steps the range of Ib-value decreased. A threshold of 0.05 was used such that 
Ib-values lower than 0.05 (which equals to 1 after applying the multiplier of 20) indicates 
significant damage (Figure 3.14). 
3.7 FIELD APPLICATIONS 
3.7.1 Intensity analysis 
In Golaski et al. (2002) study mentioned before, intensity analysis was performed 
on several concrete bridges. A new prestressed bridge was tested with both dynamic and 
static conditions through using two heavy trucks equaling the nominal capacity of the 
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structure. All data points from this test plotted in zone A indicating no serious damage, as 
shown in Figure 3.15. A new concrete-steel bridge was also monitored and showed 
intensity A for all sensors (no damage). 
An old viaduct with prestressed concrete beams was tested in the same study   
(Golaski et al. 2002) using 12 resonant sensors (55 kHz) with spacing of 1.45 m (4.1 ft). 
A ―comparative criteria‖ was used based on comparing the values of conventional AE 
parameters (amplitude, duration and energy) gathered by each independent channel with 
the mean values of these parameters from all channels. The area of tested beam was 
divided to areas with different intensities using the comparative criteria as seen in Figure 
3.16. 
In 2010, Nair carried out an investigation in which a prestressed concrete slab-on-
girder bridge with span of 16.8 m (55 ft. 1 in.) was investigated (Nair and Cai 2010). The 
bridge was tested for 3 days to inspect girder-diaphragm connection which was 
instrumented by four 55 kHz resonant sensors. The maximum historic index and severity 
values calculated for each load case were plotted as shown in Figure 3.17. The 
nomenclature used to describe each load case is presented in Table 3.5. For example load 
case SR_T1L1_P1 is static rolling using truck one in lane one and pass one. As seen in 
Figure 3.17, the charts for the three days showed consistent qualitative evaluations.  
3.7.2 Peak Cumulative Signal Strength Ratio (PCSS ratio) 
This criterion was applied to a two-way post-tensioned (PT) concrete slab 
monitored with eight 60 kHz resonant sensors and tested with CLT and 24 hour load tests 
(ACI 318-11). A two-way RC slab was also included in the study (Ziehl et al. 2008). The 
RC slab was tested with CLT loading protocol and six sensors of the same type as before 
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were used. A threshold of 30% was adopted. This threshold was chosen for the results to 
be consistent with damage levels determined by CR versus LR criterion. A summary of 
the criteria, behavior and threshold values proposed in literature are given in Table 3.6. 
3.7.3 Global performance index  
A combination of CLT damage criteria (permanency, repeatability, and deviation 
from linearity) and AE damage criteria [cumulative signal strength ratio (ICSSR)] was used 
to develop a new parameter for damage assessment in statically indeterminate structures. 
The investigation included two-way RC and post tensioned slabs. Permanency and 
deviation from linearity detected damage at the same time while the repeatability limits 
seemed to need some modifications. Thus Global performance index was proposed to 
assess damage and can be calculated using Equation 3.9 (Ziehl et al. 2008). 
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   and    are permanency and deviation from linearity indexes.       is calculated 
similar to the PCSS ratio illustrated in a previous section.   ,  ,    ,         and       
are variables to take into consideration the importance of each index given the type of 
structure under inspection. The factor    accounts the degree of knowledge of the 
structure (load tests, load history, the number of load tested members with respect to the 
total number of similar members in the building structure, etc.); i.e. high value of   is 
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used if limited information is available of the structure and vice versa.  The contribution 
of AE is the CSSR index (ICSSR) and the normalized CR versus LR index(ICRvsLR) which is 
the distance from the point of no damage (load ratio=1.0, calm ratio=0) on the CR versus 
LR plot. The calm ratio is first normalized to the load ratio to give the calm and load ratio 
equal weight then the distance from the point of no damage to the loadset under 
consideration is calculated as shown in Equation 3.10. 
        √(             )  (    )   (Eqn. 3.10) 
Values of global performance index exceeding unity are considered a sign of 
significant damage in the structure. During testing of the two-way slabs an increase of 
AE activity was associated with a rise in the global performance index value.  
3.8 DISCUSSION  
The presented AE damage quantification methods showed a promise for an 
effective NDT that can assess the global integrity of structures. However the applicability 
of some methods on different types of concrete, RC or PC, is questioned. Furthermore, in 
some cases the established damage classification limits, in similar material, changes for 
each study. Example of the number of sensors per surface area used for each damage 
classification method is shown in Figure 3.18. The least number of sensors were used in 
intensity analysis and CR versus LR (full scale specimens) while the highest number of 
sensors was used in Ib-value (small scale specimens). The results of each damage 
quantification method are discussed individually. 
3.8.1 Intensity analysis  
This method showed success in describing the degree of damage in test specimens 
regardless of the material used. However, the method is only standardized for FRP 
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vessels and tanks testing (ASTM E1067-11). For reinforced and prestressed concrete 
research had shown that the method is able to follow the general trend of damage 
detection, i.e. data points with higher damage are plotted towards the top-right of the plot. 
Recent studies proposed different damage quantification limits for reinforced concrete 
and prestressed concrete. Future research should use these limits and report whether the 
results agrees with the proposed limits in order to establish a database for means of 
standardization.  
3.8.2 Calm ratio versus Load ratio 
This method was widely investigated in reinforced concrete specimens. The 
damage quantification limits established by the Japanese code for NDT (NDIS) does not 
agree with results reported by a study on full scale specimens (Lovejoy 2008). This may 
be attributed to the fact that limits in this method could only be set on a single damage 
level; minor or heavy damage. Different limits were reported from prestressed concrete 
specimens with no agreement from different studies. In addition, the quadruple point, the 
point at the center of the chart, is a common point between the minor, intermediate and 
heavy damage which cannot physically occur. 
3.8.3 Peak cumulative signal strength ratio (PCSS ratio) 
This method showed promise only with reinforced concrete specimens. The 
method uses a limit of 40% to describe significant damage in the structure (Ridge and 
Ziehl 2006). It was reported that the method was unsuccessful in prestressed concrete 
specimens due to differences in mechanical behavior (Xu et al. 2013). 
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3.8.4 Relaxation ratio 
This method was proposed to estimate the ultimate bending capacity RC beams on 
three test sets. The reported results for the first test set show that this ratio exceeded the 
value of one at approximately 45% of the ultimate load. However the method was 
unsuccessful for the other test sets (Colombo et al. 2005). The applicability of this 
method for prestressed concrete structures is also questioned (Xu et al. 2013). Yet a 
recent study showed that the method may be able to capture presence of visual observed 
cracks in prestressed concrete girders (ElBatanouny et al. 2012a). 
3.8.5  b-value and Ib-value 
Research showed that b-value and Ib-value analysis can be used as an indication of 
damage. Damage is reflected through a drop in the value of the parameters calculated in 
these methods. In general b-values and Ib-values less than unity are considered as 
indication of significant damage (Ono 2010; Aggelis 2009; ElBatanouny et al. 2012b). b-
values less than 1.2 were also correlated to macro-cracking in RC members (Colombo et 
al 2003).  
3.8.6 Field applications 
Only three methods were used in field applications; intensity analysis, PCSS ratio, 
and global performance index. The intensity analysis results were consistent with the 
general trend of damage detection observed in field studies. The results of PCSS ratio 
showed an increasing trend with the increase of the applied load and a value of 30% was 
determined as a damage threshold. The global performance index uses AE data in 
conjunction with CLT acceptance criteria. The method gives an indication of occurrence 
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of significant damage in RC structures if the index exceeded a value of one. However, 
limited research was conducted on this method. 
3.9 CONCLUSIONS AND RECOMMENDATIONS 
The conclusions of this study can be summarized as follows: 
1. Intensity analysis enabled successful damage identification in both laboratory 
and field tests. The results shows that the method may be independent on scale  
2. The calm ratio versus load ratio is not reliable as there are no consistent limits 
for damage classification.  
3. PCSS ratio was successfully used to assess damage for RC members in 
laboratory and field. The method failed to detect damage in PC members. 
4. No clear trend was seen when the relaxation ratio was used for RC and PC 
members. 
5. A b-value and Ib-value lower the unity are related to significant damage. 
6. Global performance index was developed from a field test; it uses data from 
AE and CLT protocol. A value exceeding unity is considered as an indication 
of significant damage.   
  A series of benchmark tests is needed to compare between different AE condition 
assessment methods. AE damage assessment criteria should set limits for damage 
classification based on standardized laboratory load tests. A clear definition of damage 
should be given with the proposed limits. These limits should be dependent on type of 
concrete, RC and PC, and the results of similar specimens loaded under similar condition 
should be comparable. After establishing damage classification limits for different 
criteria field tests should be commenced on structures with known conditions to verify 
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the applicability of these methods to full scale specimens in field environment. The 
repeatability of test results has to be ensured through standardizing loading protocol, 
sensors placement, sensor type, and limits for AE damage assessment criteria. 
3.10 APPENDIX A: TERMINOLOGY 
Signal amplitude: is the magnitude of the peak voltage of the largest excursion attained 
by the signal wave form from a single emission event, usually reported in dB. 
Duration: the time between AE signal start and the signal (the time between the first 
threshold crossing and the last threshold crossing of the signal.) 
Rise-time: the time between AE signal start and the peak amplitude of that AE signal 
(measured in microseconds).  
Signal strength: the measured area of the rectified AE signal, with units proportional to 
volt-sec. 
Signal energy: the energy contained in a detected acoustic emission burst signal with 
units usually reported in joules or values that can be expressed in logarithmic form (dB, 
decibels). 
Count: the number of times the acoustic emission signal exceeds a preset threshold 
during any selected portion of a test, and the count rate is the number of counts during a 
fixed period of time. 
Frequency: the number of cycles per second of the pressure variation in a wave. 
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Table 3.1: K factor for Historic Index 
 
Reference Specimen type N K specimen size 
Fowler et al., 1989 FRP 
N<J*
 
N/A Pressure vessel, 7ft 
long, 7ft dia., with 
thickness  3 in 
J≤N≤1000 K=0.8J 
N>1000 K=N-200 
Golaski et al., 2002 PC 
N≤50 N/A 
Two full scale IT 
beams (12 and 18m 
long) 
51≤N≤200 K=N-30 
201≤N≤500 K=0.85N 
501≤N≤2000 K=N-35 
ASTM E 2478 –06 FRP 
N<20 N/A 
N/A 
20 N 100 0 
100<N 500 0.8N 
N>500 N-100 
Lovejoy, 2008  RC 
N<200 N/A 31 full scale beams 
(T and IT ) 
S*=8m ,h*=1.219 m 
200<N<1000 K=0.8N 
N>1000 K=N-200 
Nair and Cai, 2010 PC 
N≤50 N/A Slab on girder 
bridge. 
S=16.77 m 
(at girder-diaphragm 
connection) 
51≤N≤200 K=N-30 
201≤N≤500 K=0.85N 
N≥501 K=N-75 
*J is a specific number of events and is a function of the material under test, S is the span and h is the 
height. 
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Table 3.2: CR and LR thresholds for damage classification 
 
Reference 
LR 
Threshold 
CR 
Threshold 
Specimen type Specimen size Notes 
NDIS-2421 
(2000)  
0.9 0.05 RC N/A _____ 
Ohtsu et al. 
(2002)  
0.9 0.05 RC 
5 Rec. beams, 
S=2.1to 2.8m 
_____ 
Colombo et al. 
(2005)  
0.3 0.6 RC 
A beam with S=3m, 
h=0.275m 
_____ 
Schumacher 
(2008)  
0.9 0.4 RC 
4 full scale beams (T-
sec), S =6.6m,  
h=1.220 m 
_____ 
Lovejoy 
(2008)  
0.9 0.4 RC 
31 full scale beams 
(T and IT ) 
S=8m ,h=1.219 m 
 
_____ 
Ziehl et al. 
(2008)  
0.9 0.05 PT &RC 
PT two-way slab 
(t=165mm) & 
RC two-way slab 
(t=265mm) 
The PT slab had 
some structural 
deficits 
Liu and Ziehl 
(2009) 
1.0 0.5 
RC 
14 small scale 
(152x152x762 mm) 
Flexural 
1.0 0.4 Shear 
Barrios & 
Ziehl (2012)  
0.7 0.3 
PC ,normal 
weight (two 
possible 
graphical 
limits)  
Figure 11 
3 light weight and 3 
normal weight 
girders, S=7.7m, 
h=1.143m 
_____ 
0.9 0.75 
0.71 0.04 Light weight 
Xu (2013)  0.7 0.5 PC 
4 T-beams, S=2.95 to 
7.01m, h=0.38m 
One of the 
beams was 
predamaged 
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Table 3.3: Relaxation ratio results 
 
Reference Specimen type Specimen size Sensors used Results 
Colombo 
et al. 
(2005) 
RC 
beams 
 
Data set 1, 
Scotland 
(6beams, one of 
them (BF2c) was 
predamaged) 
S= 2&3m 
h=0.27 and 
0.275m 
Resonant 
(R6I) 
&broadband 
(WD) 
Data set1: loading phase is 
dominant (relaxation ratio 
<1) until load reached 
45% of the ultimate failure 
load. 
Data set2, japan 
S=2.2m, 
h=0.25m 
Broadband 
(UT-1000) 
Data set 2: no clear pattern 
Liu and 
Ziehl 
(2009) 
RC 
Small 
scale 
flexure 152x152x762 
mm 
Resonant 
(R6I) 
Increased until yielding (to 
value of one) and then 
decreased after yielding 
shear no clear pattern 
Xu et al. 
(2013) 
PC. beams 
S=2.95 to 
7.01m, 
h=0.38m 
Resonant 
(R6I) 
Unreliable for PC. 
 
Table 3.4: b-value quantitative results (Colombo et al. 2003) 
 
1.0< b-value <1.2 
Implies that the channel is very near to a large crack; i.e., 
Macro-cracks forming 
1.2< b-value <1.7 
Uniformly distributed cracking; i.e., macro-crack are 
constant 
b-value >1.7 Micro-cracks are dominant or macro-cracks are opening 
 
Table 3.5: Load case terminology (Nair and Cai 2010) 
 
Type of live load Meaning 
SR 
SS 
Static rolling, truck speed< 5 mph 
SS Static stopping, truck mid axle located at mid-span 
D30 Dynamic, number following designation represents the speed of the truck (mph) 
Truck designation  
T1 Truck 1 
T2 Truck 2 
Roadway designation  
L1 Lane1 
L2 Lane 2 
Sh Shoulder lane 
Load case repetition  
P1 Pass 1 
P2 Pass 2 
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Table 3.6: Summary of PCSS ratio results 
 
Reference Criteria Specimen type Specimen size Results 
Ridge and  Ziehl 
(2006)  
Pass if <40% RC 
2 strengthened RC. 
beams, S=3.4m, 
h=0.305m Increases with the 
increase of loading 
Ziehl et al. 
(2008)  
Pass if <30% PT, RC 
PT slab (t=165mm) 
& RC slab 
(t=265mm) 
Xu et al. (2013) ____ PC 
4 PC beams, S=2.95 
to 7.01m, h=0.38m 
Didn‘t reveal clear 
trend (less effective 
for PC) 
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Figure 3.1: Principles of AE technology (Xu 2008) 
 
 
 
 
Figure 3.2: continuous emission and burst emission (Wevers and Lambrighs 2009) 
 
 
 
 
Figure 3.3: AE signal features (Xu 2008) 
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Figure 3.4: Emission on repeated loading (Pollock 1995) 
 
 
 
Figure 3.5: Felicity ratio for three full scale box girders tested in bending (Tinkey et al. 
2002) 
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Figure 3.6: Review map 
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Figure 3.7: Intensity analysis chart for FRP vessel (Fowler et al 1989) 
 
 
 
   
Figure 3.8: Intensity analysis for RC full scale test beam (Lovejoy 2008) 
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Figure 3.9: Intensity plots for different stages of loading: (a) 25% of failure load, (b) 40% 
of failure load, (c) 60% of failure load,  and (d) failure load. Different colored dots 
indicate different measuring zones or sensor position (Golaski et al. 2002) 
 
 
 
Figure 3.10: Damage classification based on calm ratio versus load ratio (NDIS-2421 
2000) 
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Figure 3.11: CR versus LR damage classification for three full scale prestressed girders 
(Barrios and Ziehl 2012) 
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Figure 3.12: Relaxation ratio results of RC beams tested in cycles up to failure (Colombo 
et al. 2005) 
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Figure 3.13: b-value over time calculated with using groups of, respectively, 70 (dotted 
line), 100 (continuous line), and 130 (dashed line) numbers of events to verify 
independence of final results from number of events chosen for calculation (Colombo et 
al. 2003) 
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Figure 3.14: Step load and event time history for: (a) normal concrete; and (b) two-layer 
fiber concrete. Step load and Ib-value for: (c) normal concrete; and (d) two-layer fiber 
concrete. (Note: 1 kN = 225 lb; Ib-value should be multiplied by 20 according to Shiotani 
et al., 2001) (Aggelis et al. 2009) 
 
 
 
Figure 3.15: Intensity analysis for a new prestressed bridge (Golaski et al. 2002) 
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Figure 3.16: Measuring areas with different AE intensity (Golaski et al. 2002) 
 
 
 
Figure 3.17: Intensity charts for load cases on 3 days (Numbers within the plot represent 
sensor #) (Nair and Cai 2010) 
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Figure 3.18: Number of AE sensors per surface area in some AE studies 
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 CHAPTER 4  
A REVIEW OF ACOUSTIC EMISSION APPLICATION FOR CORROSION DETECTION 
IN CONCRETE STRUCTURES
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4.1 ABSTRACT 
Corrosion of steel in concrete is a primary cause for many prematurely damaged 
concrete structures. The effect of corrosion on safety and serviceability of concrete 
structures has extended the need for effective corrosion assessment. Detecting corrosion 
damage at early stages lowers the cost of required repairs and maintains the structural 
capacity of the building. Visual inspection and electrochemical techniques are the 
conventional methods used in field for corrosion inspection. Yet most of the corrosion 
damage is hidden in the concrete until it reaches significant levels. In addition, 
electrochemical techniques do not provide sufficient information about the rate and 
severity of corrosion. The acoustic emission (AE) technique is known with its high 
sensitivity which enables the detection of weak stresses and deformations. This technique 
can provide a better insight of the corrosion process in concrete. The feasibility of using 
acoustic emission for monitoring the corrosion process has been investigated in several 
studies. Different approaches to quantify the corrosion damage were used. AE activity 
was correlated with the corrosion rate during several laboratory tests. The paper in hand 
summarizes AE techniques that have been used to detect and quantify corrosion in both 
reinforced and prestressed concrete specimens as well as the attempts to use AE for 
corrosion damage allocation. The feasibility of using AE for detecting or monitoring 
corrosion in field is also discussed. 
Keywords: nondestructive evaluation, acoustic emission, corrosion, reinforced concrete, 
prestressed concrete. 
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4.2 INTRODUCTION 
Corrosion of reinforcing steel in concrete is a major concern for durability and 
safety of structures as well as the economic costs. In 2002, the U.S. Federal Highway 
Administration (FHWA) estimated the direct cost of corrosion in the U.S. to be $276 
billion per year, which represents 3.1% of the U.S. gross domestic product (GDP). The 
share related to highway bridges (including steel bridges) was determined to be about 
$8.3 billion a year (Koch et al. 2001; Yunovich and Thompson 2003). Concrete structures 
in coastal areas and where de-icing salts are commonly used are more susceptible to this 
issue.  
Corrosion of steel reinforcement in concrete has been responsible for severe damage 
up to the point of catastrophic failure. Exposure to moisture, high chloride content in 
concrete, insufficient cover, deicing salts, highly permeable mortar or poor grout quality; 
and other factors may contribute to steel corrosion and by extension regression of 
structural integrity. Provided below are some cases of damage related to steel corrosion in 
concrete: 
 Collapse of Bickton Meadows footbridge, post-tensioned (PT) bridge, in 
Hampshire, UK in 1967 after only 15 years of service (NCHRP 1998). 
 The unexpected collapse of Ynys-y-Gwas Bridge, UK, a segmental PT I-beam 
bridge in 1985 after 33 years of service (Woodward and Williams 1988; Trejo et 
al. 2009). 
 Collapse of the Berlin congress hall prestressed roof, 1980 (Isecke 1982). 
 Collapse of a multistory parking structure in Minnesota, 1984 (Heidersbach 
1986). 
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 Cracking and spalling in 5 of 7 inspected beams of U.S. 131 Overpass, MI. 
Precast-pretensioned box beams with cast-in-place deck on top and transverse 
post-tensioning (Whiting et al. 1993). 
 Complete failure of two strands and fracture of five wires of other strand in 
Precast-segmental PT single-box Bridge in England (Robson and Brooman 1997). 
 Extensive concrete cracking and spalling over corroded tendons in PT girder 
flanges and prestressed piles in Gandy Bridges, Old Tampa Bay, FL. 
(Novokshchenov 1989).  
The reported failures lead to increasing awareness of the significance of corrosion. 
The high alkalinity (pH above 12) of concrete, due to cement hydration, provides a 
protective environment for embedded steel against corrosion through the formation of a 
thin protective passive film which depresses the corrosion rate significantly (ACI 222 
2001). However, the diminution of concrete alkalinity or the increase of chloride 
concentration in concrete breaks down this passive layer and results in corrosion 
initiation. The localized disintegration of the passive film, such as in the case of cracks, 
leads to pitting corrosion.  
Effective non-destructive evaluation (NDE) and structural health monitoring (SHM) 
of in-service structures is needed to detect corrosion in the early stage. Visual inspection 
is the commonly used method, but it lacks accuracy as it cannot detect hidden damage 
and is also very dependent on the inspector experience. Electrochemical techniques such 
as half-cell potential and polarization resistance are also widely used in both laboratory 
and field applications for corrosion detection (Flis et al. 1992; Videm 1997; 
Novokshchenov 1997). However, half-cell potential (HCP) can sometimes be misleading 
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as it is highly affected by many factors such as temperature, concrete conductivity, 
membrane potential, and junction potential (Bennett and Mitchell 1992; Broomfield 
1997). Additionally, HCP measurements require direct connection with the steel which 
makes it an intrusive method. Furthermore, it does not provide quantitative information 
about the corrosion rate as it only estimates the probability of corrosion at a local 
position.  
Polarization Resistance (Rp) is commonly used to detect corrosion rate. Previous 
studies have proposed limits to determine the corrosion state of steel in concrete 
(Andrade et al. 1990; Clear 1989; Broomfield et al. 1993; Broomfield et al. 1994). There 
are different methods to compute Rp, but the most common one is the linear polarization 
resistance (LPR). This electrochemical method also has some drawbacks; a) it assumes 
uniform corrosion while pitting corrosion is a highly probable form of corrosion in 
concrete which may lead to misleading results, b) in some cases linear polarization 
readings are unstable, c) in case of dry concrete significant error due to concrete 
resistance is included in the readings, and d) the area of steel measured in the concrete is 
not precisely known which creates some errors in the Rp calculations. 
Acoustic emission is a sensitive non-destructive method which has the ability to 
detect weak stress waves engendered in concrete. The ability of AE to detect concrete 
cracking during load testing has been previously demonstrated (Ziehl 2008; Ono 2010). 
AE has likewise shown promise for early corrosion detection and locating active 
corrosion damage.  
This paper provides a review of efforts that have been made to examine using AE for 
the assessment of corrosion damage.  The methods that have been proposed to detect and 
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quantify corrosion damage with AE are summarized in this study in an effort to provide 
useful recommendations for future research and field applications. 
4.3 RESEARCH SIGNIFICANCE 
Corrosion of steel in concrete is a major cause of damage for the civil 
infrastructure. The cost of repairs and replacement of corroded structures can be 
minimized through the early detection of corrosion. The commonly used inspection 
methods in the field depend on the apparent symptoms which are not visually observable, 
in the case of corrosion for internally reinforced concrete, until significant damage has 
accumulated. Several studies have been conducted to examine the feasibility of using 
acoustic emission (AE) for corrosion detection and quantification. AE has been reported 
to be correlated with corrosion rate. The ability of AE for early detection has also been 
proposed.  A conclusion based on these investigations is needed to verify the reliability of 
AE for detecting and quantifying corrosion damage so that the method can be effectively 
utilized for field applications.   
4.4 CORROSION DETECTION USING ELECTROCHEMICAL TECHNIQUES 
Electrochemical techniques such as half-cell potential (HCP) measurements, 
galvanic current, and linear polarization resistance (LPR) are widely used for corrosion 
detection in both laboratory and field investigations. The half-cell potential method is an 
electrochemical technique that estimates the risk of corrosion of steel in concrete. A 
voltmeter and a reference electrode are used to measure the potential between the steel 
and the reference electrode. The copper/copper sulphate reference electrode (CSE) and 
silver/silver chloride in potassium chloride solution are commonly used reference 
electrodes.  A criteria established by ASTM C867 (2009) for the possibility of corrosion 
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based on the HCP reading is given in Table 4.1. Potential mapping, using the results at 
different locations, can be plotted if the corrosion location is unidentified. This method 
requires the steel to be in direct contact with the negative terminal of the voltmeter which 
requires drilling through the cover to reach the steel reinforcement. 
The localized breakdown of the passive film creates an active region which acts as 
an anode while the passive area acts as a cathode. This circumstance creates a galvanic 
cell. Some studies use the galvanic current passing in this cell as a measure of corrosion. 
Linear polarization resistance (LPR) is another electrochemical technique that can 
estimate the corrosion rate. The mechanism of this method is to apply a potential scan of 
±20 mV around the corrosion potential (  o   ) and measure the corresponding current. 
The slope of the line formed by plotting the resulted potentials and correspondent 
currents is the polarization resistance ( p ) (ASTM G59-97). The corrosion current 
( i o   ) can be calculated from Equation 4.1 which can be applied to calculate the 
corrosion rate (CR) using Equation 4.2. 
 p 
  
 i
 
     
2      i o  (     )
     (Eqn. 4.1) 
 
   
      i o       
     
      (Eqn. 4.2) 
 
where Rp is the polarization resistance, Ω-cm2; ΔE is the change in applied 
potential relative to corrosion potential Ecorr, mV; Δi is the current response to applied 
potential spectrum, mA; icorr is the corrosion current, µA; ba, bc are the anodic and 
cathodic Tafel slopes respectively, mV; CR is the corrosion rate in milli-inch per year 
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(mpy); EW is the equivalent weight of iron, 27.92 g; A is the surface area of the anode, 
cm
2
; and d is the density of iron, 7.8 g/cm
3
. 
4.5 ACOUSTIC EMISSION CORROSION DETECTION MECHANISM 
During the corrosion process, the metallic iron is transformed into rust which has a 
volume of 2 to 6 times the volume of the original metal consumed in the reaction 
(Broomfield 1997). This increase in volume creates stresses due to expansion which 
induce cracking when they exceed the tensile strength of concrete. Corrosion is usually 
accelerated after cracking and later spalling of the concrete cover occurs exposing the 
reinforcing steel (Song and Shayan 1998). The applicability of AE for corrosion detection 
emanates from its high sensitivity to crack formation. In other words, AE can detect 
micro-cracking resulting from corrosion initiation which by extension leads to early 
corrosion detection. Recent publications, which used AE sensors attached directly to steel 
prestressing strands and rebars immersed in solution to detect corrosion, indicated that 
AE was able to detect the accumulation of salts and rupture of passive oxide films (Perrin 
et al. 2010; Prateepasen and Jirarungsatian 2011). Regardless that such emissions may be 
weak in concrete due to attenuation, it demonstrates the ability of AE as a suitable 
candidate for early corrosion detection. In addition, AE is suitable for quick and effective 
global structural health diagnosis using a proper sensor layout, unlike most conventional 
electrochemical techniques which give only local assessments (ElBatanouny 2012). The 
location of damage can also be determined using source triangulation techniques 
(Mangual et al. 2012; Mangual et al. 2013). 
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4.6 CORROSION DETECTION USING AE: CASE STUDIES  
A review map summarizing the studies that have been conducted to investigate the 
ability of AE to detect corrosion in concrete was created as shown in Figure 4.1. The map 
divides the studies according to the type of specimen, specimen size, type of AE sensors, 
corrosion benchmarks and AE parameters that have been used. Each study is given a 
number and is cited using this number under the relevant groups. These studies are 
discussed in details in the following sections. 
4.6.1 Conventional parameters 
For corrosion detection using AE, conventional parameters which can be directly 
measured from the detected signals, such as number of hits and number of events, were 
initially investigated. In 1982, a study was conducted on six reinforced concrete (RC) 
specimens with dimensions of 150x150x510 mm (6x6x20 in.) (Weng et al. 1982). Each 
specimen was monitored using two sensors placed on the specimen ends while being 
subjected to accelerated corrosion testing (impressed voltage). An increase in both the 
rate of current and AE counts were observed at day 10, as seen in Figure 4.2,  which was 
four days before visual cracking. This early increase was interpreted as a result of micro-
cracking or progressive formation of corrosion products. To examine the ability of AE in 
natural corrosion circumstances (not accelerated), another test was included in the study. 
Five RC cylinders of 100 mm (4 in.) diameter and 560 mm (22 in.) length were immersed 
in 100 mm (4 in.) natural sea water for approximately 2.3 years. Potential measurements 
indicated that four of the specimens experienced active corrosion while the fifth specimen 
remained passive. Each specimen was monitored with one AE sensor at its mid-height for 
two weeks to assess the ability of AE to identify their condition. AE was able to 
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differentiate between noble and active specimens as the noble one exhibited lower AE 
activity. 
In 1995, Zdunek and Prine tested a 300x300x300 mm (one-cubic-foot) RC block 
which had three rebars of 25 mm (1 in.) diameter; a top rebar at a depth of 25 mm (1 in.) 
and two bottom rebars at a depth of 250 mm (10 in.) from the top surface. To investigate 
the corrosion of the top rebar, the specimen was subjected to a cycle of 3 days wet/ 4 
days dry for two months using 15% NaCl solution. AE activity was recorded using 
sensors attached to the ends of the top rebar in addition to electrochemical measurements 
that were recorded weekly. As seen in Figure 4.3, an increase in AE events was detected 
after 20 days (480 hours) from exposure which was related to corrosion initiation. The 
electrochemical results showed that corrosion initiated after 20 days when 
electrochemical impedance spectroscopy (EIS) was used while galvanic current and HCP 
readings indicated corrosion after 32 days. These results indicate that AE can detect 
corrosion earlier than most electrochemical techniques (Figure 4.3).  
Li et al. (1998) correlated the corrosion rate with the acoustic emission rate 
through the corrosion of mild steel rebar of 20mm (0.8 in.) diameter and 400 mm (16 in.) 
length in HCl solution. Corrosion of steel rebars was investigated using three different 
approaches; rebar alone, rebar coupled with copper, and rebar with anodic current 
polarization. Each test was conducted using different concentrations of HCl solution of 
1%, 5%, 10% and 15%. Specimens were observed using 12 channel AMS3 system (one 
sensor per specimen) and accumulated AE events were computed. The AE rate was found 
to increase with the increase of HCl solution concentration (Figure 4.4). In addition, AE 
activity of the polarized rebars was higher than that of rebar coupled with copper and 
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both were higher than the AE activity for the rebar standing alone (at the same 
concentration of HCl solution for the three specimens). These observations verify that AE 
activity is proportional to the corrosion rate. Further investigations of the corrosion 
process of rebar in concrete were included in the same study (Li et al. 1998). The test 
included three concrete blocks with dimensions of 300x300x175 mm (12x12x7 in.). Each 
block had three deformed rebars of 25 mm (1 in.) diameter. The blocks were subjected to 
wet-dry cycles using 15% NaCl solution (3 days wet and 4 days dry) for three months. 
Three sensors were used to monitor the corrosion progression of the top rebar which was 
at 25 mm (1 in.) from the top of the concrete block. Two sensors spaced by 25 mm (1 in.) 
were placed on one end of the top rebar and the third one was attached to the other end. 
The galvanic current and half-cell potential were also measured. The accumulated 
number of AE events showed a high rise at 20 days into the test, which was related to the 
initiation of micro-cracking. The galvanic current did not increase significantly until 32 
days of exposure, at this time the HCP readings were more negative than -420 mV. This 
shows that AE was able to detect corrosion earlier than galvanic current and HCP 
measurements. Figure 4.5 shows AE versus galvanic current readings. 
Idrissi and Limam (2003) studied the possibility of using AE to determine the 
concrete quality in terms of porosity through an accelerated corrosion test. Polarization 
tests were performed on reinforced mortar cylinders (water, cement and sand) of 30 mm 
(1.2 in.) diameter and 90 mm (3.6 in.) length, reinforced with carbon steel (XC48) with a 
diameter of 5 mm (0.2 in.). Some of the specimens were made using a standard mix 
(water cement ratio of 0.5) while the remaining specimens were made using a porous mix 
(water cement ratio of 0.75). The working electrode (the specimen), as well as counter 
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and reference electrodes were placed in 6% NaCl solution. AE activity was monitored 
through a resonant R15 sensor (resonant frequency of 150 kHz) placed at the end of the 
reinforcing bar. AE for the porous mortar showed high activity shortly after it was 
immersed in the solution unlike the standard mortar which exhibited a delay of 10 hours. 
These results verify the higher corrosion activity in the porous mortar. The measured 
current showed the same behavior as AE activity for the two specimen types (Figure 4.6 
and 4.7).  
Similar tests using the same experimental device and mortar mixes were 
performed by Assouli et al. (2005) except that simulated concrete pore solution (SCP), 
containing chloride ions for some specimens, was used instead of NaCl solution and a 
broad band sensor (WD) was used instead of the resonant sensor used in the previous 
study (Idrissi and Limam 2003). Specimen behavior was monitored during heating-
cooling cycles which reproduce carbonation in the presence of chloride ions. For the test 
that included a solution with chloride ions AE activity (cumulated events number) 
increased with the heat treatment cycles while for the case of solution without chloride 
AE activity remained comparatively weak as seen in Figure 4.8. In the presence of 
chloride ions, half-cell potential and pH measurements showed that corrosion probability 
increases with the increase of the number of heat treatment cycles. These results indicated 
that higher levels of corrosion are associated with higher number of cumulated events.  
 The previous studies investigated corrosion of steel in reinforced concrete. 
Ramadan et al. (2008) examined the stress corrosion cracking (SCC) of 12.5 mm (0.5 in.) 
diameter high strength steel (eutectoid cold drawn steel) in a simulated concrete pore 
(SCP) solution. The SCP solution had high alkalinity (pH≈12) and was contaminated by 
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sulphate, chloride and thiocyanate. The specimen was monitored by 4 wide band (WD) 
sensors and tested under a constant tensile load until the wires broke (Figure 4.9). The 
cumulated AE hits by the different sensors are shown in Figure 4.10. No significant AE 
activity was detected until cracks initiated. AE activity was divided into three zones as 
shown in Figure 4.10. Zone A was related to nucleation of cracks due to localized 
corrosion; pits and crevices. Zone B was related to propagation of cracks and zone C to 
steel failure. SEM photographs showed that pitting and crevice corrosion exists near the 
fracture section of the tested sample. 
4.6.2 Condition assessment methods 
The mechanism of crack propagation during the corrosion of steel in concrete was 
investigated by applying Simplified Green‘s functions for moment tensor analysis 
(SiGMA) on the AE events (Farrid Uddin et al. 2003). An expansive agent was implanted 
into a 30mm (1.2 in.) diameter hole in a concrete specimen to simulate the cracking 
process due to corrosion. The specimen had the dimensions of 250x250x100 mm 
(10x10x4 in.) with 40 mm (1.6 in.) cover. Six AE broadband sensors (PAC, UT 1000) 
were used to monitor the specimen. AE-SiGMA analysis was carried out at four stages 
chosen during the experiment based on AE behavior. Using virtual reality modeling 
language (VRML), 3D-visualization of AE-SiGMA analysis results was performed. 
Crack locations and types at each stage were modeled and mapped as shown in Figure 
4.11. The results supported the crack orientations developed by a two-domain boundary 
element method (BEM). Visual observation of the crack traces also agreed with AE-
SiGMA; as crack trace 1 in Figure 4.12 was first detected and then cracks traces 2 and 
then 3. The difficulty with SiGMA analysis is the large number of sensors required 
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(sensor density) and the high resolution of the waveforms which limits its applicability to 
actual field structures. 
The applicability of using AE for corrosion detection in RC specimens was also 
investigated by Ohtsu and Tomoda (2008). The specimen size was 400x250x100 mm 
(16x10x4 in.) with steel bars of 13 mm (0.5in.) diameter placed at 15 mm (0.6 in.) from 
the concrete surface. The initial measured chloride content was 0.125 kg/m
3
(0.0078 lb/ft
3
 
) in volume, 0.039% mass of cement, which is lower than the threshold of 0.3 kg/m
3
 
(0.019 lb/ft
3
 ) described in the Japanese code (JSCE 2001) for initiation of corrosion. All 
surfaces of the specimens were covered with epoxy resin except the bottom surface. Both 
accelerated corrosion testing and cyclic wet-dry testing (week wet/ week dry) were 
performed using 3% NaCl solution. For AE monitoring, two broadband AE sensors were 
placed at the upper surface of each specimen. During the accelerated corrosion test 
(impressed current), two periods of high AE activity were detected (at 3 days and 7 days 
into the test) and were correlated to the onset of corrosion and nucleation of cracking.  
The HCP measurements started decreasing at the first high period but did not reach a 
value more negative than -350 mV, which corresponds to 90% probability of corrosion 
(ASTM C867), until 2 days after the second high period (Figure 4.13). The chloride 
concentration was estimated experimentally after each of the two high AE activity 
periods and at the end of the test and was calculated analytically for the whole test. The 
high AE activity periods coincided with the passing of the two thresholds proposed by the 
Japanese code (JSCE 2001) for onset of corrosion and for the performance based design; 
0.3 kg/m
3
 (0.019 lb/ft
3
 ) and 1.2 kg/m
3 
(0.075 lb/ft
3
 ) respectively (Figure 4.14). As seen 
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in Figure 4.14, AE behavior matched the typical phenomenological model of corrosion 
loss stated for steel in sea water (Figure 4.15). 
For the cyclic wet-dry test that was included in that study on similar specimens 
(Ohtsu and Tomoda 2008), one high AE activity period was observed at 40 days; at the 
same time chloride concentration exceeded the threshold of 0.3 kg/m
3
 (0.019 lb/ft
3
 ) and 
long before HCP readings indicated a high probability of corrosion. Other AE parameters 
were also investigated during this test; RA value, average frequency and b-value. These 
parameters can be calculated using Equations 4.3, 4.4 and 4.5, respectively; where N is 
the number of events, A is the amplitude, α is an empirical constant and b the value used 
here for corrosion characterization (large b-value indicates more AE events with small 
amplitude and vice versa). At 40 days where AE showed high activity, the RA value was 
high and the average frequency was low which corresponds to other than tensile cracks 
(Figure 4.16). At approximately 100 days where HCP measurements started decreasing, 
lower RA values and relatively high average frequency were observed which correlated 
to nucleation of tensile cracks. Lower b-value was also observed at the same time which 
indicates significant damage. High b-value was also related with corrosion initiation at 40 
days as seen in Figure 4.17. The results were confirmed by visual and scanning electron 
microscopy (SEM) observations. 
RA= rise time/ maximum amplitude     (Eqn. 4.3) 
Average frequency = counts/duration     (Eqn. 4.4) 
                       (Eqn. 4.5) 
Corrosion stages were also identified by AE in another study on RC specimens 
with the size of 100x75x400 mm (4x3x16 in.), reinforced with one deformed rebar of 13 
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mm (0.5 in.) diameter and 20 mm (0.8 in.) cover (Kawasaki et al. 2010). Cyclic wet-dry 
testing was performed; one week in wet condition using 3% NaCl solution and one week 
in dry condition. AE activity was monitored through six R15, PAC sensors of 150 kHz 
resonance. Half-cell potential readings dropped to -350 mV after 126 days. This point 
was chosen to separate the test duration into two stages. Stage 1 was correlated to phase 
one and two on the phenomenological model of corrosion loss (Figure 4.15) and stage 2 
was correlated to phase three and four. Improved b-value (Ib-value) was estimated for 
100 AE hits using Equation 4.6; where σ is the standard deviation; µ is the mean value of 
the amplitude distribution; N(     ) and N(     ) are the number of hits with an 
amplitude higher than       and      , respectively. Ib-value results showed two 
drops at 28 and 70 days in stage 1, also large events were observed at the same days. 
Stage 2 showed comparatively lower Ib-values which was related to high AE activity 
after 168 days (Figure 4.18). The drops of Ib-value in stage 1 were correlated with 
corrosion initiation and the lower Ib-values in stage 2 were correlated to nucleation of 
cracks. Crack locations and orientations were mapped using SiGMA analysis as seen in 
Figure 4.19. The events mapped in stage 2 are the ones that were related to corrosion as 
they were developed around the uncoated part of the rebar. The results were also 
correlated to SEM observations. 
   
    (     )     (     )
(     ) 
      (Eqn. 4.6)  
4.6.3 Quantification of corrosion using AE 
The use of AE intensity analysis for quantification of corrosion damage has been 
recently proposed (ElBatanouny et al. 2011; Mangual et al. 2013). An AE intensity 
analysis chart for corrosion quantification was developed using results of accelerated 
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corrosion tests on eleven pre-cracked concrete specimens (Mangual et al. 2013). The 
specimens had  dimensions of 115x115x510 mm (4.5x4.5x20 in.), reinforced with a 
central low-relaxation prestressing strand with a diameter of 13 mm (0.5 in.) and  50mm 
(2 in.) cover. The specimens were pre-cracked at the centerline to a crack width of 0.016 
in. (0.4 mm) to allow the penetration of 3% NaCl solution and were subjected to constant 
potential during the test. The strands were not stressed to simulate the case of corrosion 
after cracking of concrete; in which the prestressing force would be diminished. Three 55 
kHz resonant sensors (R6i) were attached to eight specimens to allow source allocation 
while the other three specimens were monitored with two sensors placed beside the 
central crack. Onset of corrosion and nucleation of cracking was detected using 
cumulative signal strength (CSS) corroborated with HCP measurements.  AE source 
location showed that most of the damage occurred at the mid-section, where the crack 
exists. Corrosion quantification based on intensity analysis was proposed. Two indices 
were calculated to determine the intensity of AE; historic index, H(t), and severity, Sr  
(Fowler et al. 1989). Historic index compares the signal strength of the most recent hits to 
the value of cumulative hits and can be calculated using Equation 4.7. Severity is defined 
as the average signal strength for the 50 events having the largest numerical value of 
signal strength and is calculated using Equation 4.8. An intensity analysis chart is 
developed as severity versus historic index and is divided into different regions that 
correspond to different levels of damage. Points of significant damage are plotted to the 
top right corner of the chart. In this study (Mangual et al. 2013), the chart was divided 
into four regions; region A corresponds to the passive condition, region B to de-
passivated steel with measured experimental sectional losses less than 15%, region C for 
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corroded specimens with thin cracks and sectional loss extending to 21% and region D 
for specimens exhibiting severe longitudinal cracking and sectional loss between 23 and 
28%. Figure 4.20 shows the resulted grading for the specimens, using data gathered by 
the sensor at the mid-section, along with their sectional loss.  
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The same test setup and specimen size were used in another study except that the 
specimens were un-cracked (Mangual et al. 2012). The study included nine specimens 
that had different test durations varying from 43 to 350 hours. Intensity analysis was 
performed and the chart was divided into two regions according to HCP readings; region 
A for passive condition and region B for specimens that experienced onset of corrosion 
(although the corrosion was at an early stage) as shown in Figure 4.21. The trend of the 
data points agreed with the amount of damage concluded visually and using the 
experimental mass loss. The attenuation of AE signals in un-cracked specimens is smaller 
than that for cracked specimens, thus the chart boundaries are different in these two 
cases. 
Intensity analysis was applied to long term corrosion testing on prestressed T-
girders by ElBatanouny (2012).  The specimens measured 4.98 m (16 ft. 4 in.) in length 
and were reinforced with two low-relaxation strands of 13 mm (0.5 in.) diameter. Three 
specimens were subjected to wet/dry cycles (3 days wet/ 4 days dry) using a 3% NaCl 
solution at the central part of the specimens. Two of the tested specimens (CC-0.8 and 
CC-0.4) were pre-cracked to crack widths of 0.4 mm and 0.8 mm, respectively. Four R6i 
resonant sensors (55 kHz) were attached to the surface of each specimen. Intensity 
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analysis was carried out for the two pre-cracked specimens using the chart boundaries 
developed by Mangual et al. (2013). The data point for specimen CC-0.8 was further 
towards the top-right of the chart (region D) as compared to specimen CC-0.4 (region C), 
as shown in Figure 4.22, which demonstrates more corrosion damage in CC-0.8. The 
LPR method indicated the same results as the intensity analysis. It is worth noting that the 
same chart boundaries (developed by Mangual et al. (2013) for cracked prestressed 
specimens) showed successful damage classification on different specimen sizes (small 
and medium scale specimens) and on different event rates (accelerated corrosion test and 
long term corrosion test).  
4.7 EXTRAPOLATING RESULTS TO THE FIELD 
All the reviewed studies were laboratory tests conducted on small scale specimens 
with the exception of ElBatanouny (2012) which included medium scale prestressed T-
girders.  AE intensity analysis enables quantification of corrosion damage in small and 
medium scale specimens using the same damage classification boundaries. This 
demonstrates that the method may be independent of specimen size which is an important 
advantage for field implementations. However, filtering is a crucial step to clean data 
from noise and wave reflections, especially for small scale specimens. It is recommended 
to set data collection threshold and parameters, for example hit lockout time (HLT) and 
hit definition time (HDT), to be similar to the reported values in the AE intensity analysis 
studies (ElBatanouny 2012, Mangual et al. 2013). 
The sensor density (number of sensors per volume) used in all the studies that have 
investigated the use of AE to detect corrosion in concrete specimens is shown in Figure 
4.23. As seen in the figure, intensity analysis used the least number of sensors per unit 
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volume. On the other hand, SiGMA analysis used the highest sensor density among the 
proposed methods. The number of sensors required to assess corrosion in real structures 
is an important factor for deciding which methods can be realistically employed. For 
example, using SiGMA analysis in field is questionable as this method requires a large 
number of sensors in a small area; each event has to be detected by six sensors placed in 
different planes to be plotted using SiGMA analysis.  
In the field, AE activity will arise from different sources such as cracking due to 
loading, corrosion, friction between bearing pads and the structure, etc. Therefore, 
successful identification of AE activity from corrosion is essential. This may be 
accomplished by comparing the AE waveforms from different sources and using filters to 
identify corrosion related signals. Up to now, such methods do not exist, which 
compromises the applicability of AE to some structural members (superstructures). Piles 
and bent caps are less susceptible to AE activity from loads; therefore employing AE to 
detect corrosion in such members is more feasible at the present time.  
4.8 CONCLUSIONS  
1. Acoustic emission can detect the onset of corrosion and nucleation of cracking 
before most electrochemical methods such as half-cell potential and galvanic 
current. Corrosion initiation and cracking can be identified by two periods of high 
AE activity. Conventional parameter such as counts, number of hits, cumulative 
event number and cumulative signal strength were successfully used for this 
purpose. Condition assessment methods such as b-vale and Ib-value were also 
correlated to the corrosion activity. 
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2. Nucleation of tensile cracking due to corrosion was detected using the 
relationship between RA values and average frequencies. However, further 
research should investigate the feasibility of using this method to classify AE 
sources. 
3. AE can effectively locate the corrosion damage by using source location 
techniques which enables owners to perform repairs.    
4. SiGMA analysis can be used for mapping the location, type and orientation of 
cracks developed in the process of corrosion in RC specimens. However, the 
applicability of this method in field is questioned due to the large number of 
sensors required. 
5. Quantification of corrosion damage can be performed using intensity analysis 
chart. The scale and event rate effects may not exert a significant influence on 
intensity chart criteria. However, more investigation is needed to establish the 
proposed damage classification boundaries in field. 
The reported studies prove that AE is a suitable candidate for early corrosion 
detection. Unlike standard electrochemical techniques, AE is non-intrusive and enables 
global monitoring of a structural member with the ability to locate damage for further 
assessment. The method is passive, does not need external stimuli once the sensors are in 
place, which makes it suitable for long term deployment. The results of this study can be 
used by future researchers to determine the most effective AE techniques for corrosion 
detection and quantification.  
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4.9 RECOMMENDATIONS 
Further studies should be conducted for verifying the behavior of AE parameters 
due to corrosion process in different types of concrete specimens and setting limits for 
corrosion quantification. Future researchers should put emphasis on classifying AE 
source by differentiating between AE signals due to corrosion and signals due to load 
related deteriorations. This classification would broaden the application of AE for 
monitoring in-service structures and provide sufficient justification for maintenance 
decisions. Studying the characteristics of AE signals (waveforms) produced in the two 
cases is a possible approach to achieve reliable source classification. 
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Table 4.1: ASTM criterion for corrosion of steel in concrete (ASTM C867-09) 
 
Measured Potential (mV/CSE) Corrosion condition 
> - 200 Low (10% risk of corrosion) 
                    -200 to -350 Intermediate corrosion risk (uncertain) 
< -350 High (90% risk of corrosion) 
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Figure 4.1:Review map 
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Figure 4.2: Impressed voltage test results on a RC specimen (Weng et al. 1982) 
 
 
 
Figure 4.3: AE activity results versus time of exposure (Zdunek and Prine 1995) 
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Figure 4.4: The influence of increasing the solution concentration on AE activity 
(Zongjin et al. 1998) 
 
 
 
Figure 4.5: AE versus galvanic current readings (Zongjin et al. 1998) 
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Figure 4.6: Current density (a) and AE activity (b) for standard mortar (Idrissi and 
Limam 2003) 
 
 
 
 
  
Figure 4.7: Current density (a) and AE activity (b) for porous mortar (Idrissi and Limam 
2003) 
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Figure 4.8: AE cumulated events curves for heat treatment cycles: a) with chloride, b) 
without chloride (Assouli et al. 2005) 
 
 
 
 
Figure 4.9: Test setup and sensors locations (Ramadan et al. 2008) 
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Figure 4.10: cumulative AE hits recorded during the test (Ramadan et al. 2008). 
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Figure 4.11: VRML visualization of AE-SiGMA; a) at stage 1, b) at stage 2, c) at stage 3, 
d) at stage 4 (Farrid Uddin et al. 2003). 
(a) (b)
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(c) (d)
 88 
 
 
 
 
Figure 4.12: observed crack traces in the experiment (Farrid Uddin et al. 2003). 
 
 
 
 
Figure 4.13: AE activity and half-cell potential in accelerated corrosion test (Ohtsu and 
Tomoda 2008). 
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Figure 4.14: Total number of AE hits and chloride concentration (Ohtsu and Tomoda 
2008) 
 
 
 
 
Figure 4.15: Typical corrosion loss of steel in seawater immersion (Melchers and Li 
2006) 
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Figure 4.16: RA values and average frequencies in cyclic wet-dry test (Ohtsu and 
Tomoda 2008). 
 
 
 
     
 
Figure 4.17: Variation of b-values in cyclic wet-dry test (Ohtsu and Tomoda 2008). 
 
 91 
 
 
 
 
Figure 4.18: Results of Ib-value (Kawasaki et al. 2010).  
 
 
 
 
Figure 4.19: Results of SiGMA analysis (Kawasaki et al. 2010). 
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Figure 4.20: Results of damage classification using Intensity analysis for pre-cracked 
specimens (Mangual et al. 2013). 
 
 
 
 
Figure 4.21: Intensity analysis results for un-cracked specimens (Mangual et al. 
2012). 
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Figure 4.22: Intensity analysis results for cracked medium scale specimens (ElBatanouny 
2012) 
 
 
 
 
Figure 4.23: Density of AE sensors per concrete volume 
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CHAPTER 5 
ACOUSTIC EMISSION BASED DAMAGE ASSESSMENT METHOD FOR PRESTRESSED 
CONCRETE STRUCTURES
3
 
                                                 
3
 Marwa Abdelrahman, Mohamed K. ElBatanouny, and Paul H. Ziehl. To be submitted to 
Engineering Structures. 
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5.1 ABSTRACT 
Eight prestressed specimens were subjected to cyclic load test while being 
monitored with acoustic emission (AE). Five of the specimens were pre-cracked and 
corroded to different levels, before conducting the test, to examine the ability of acoustic 
emission (AE) to detect damage for different structural conditions. Index of Damage 
introduced in a previous study based on the cumulative AE energy was investigated for 
damage assessment. The index values showed a clear correlation with the observed 
amount of damage. However, the method is constrained to laboratory applications as it 
requires the continuation of the test until the specimen surpass the level of maximum 
admissible damage.  A modified index of damage (MID) is proposed in this study to 
ensure field applicability. The modified index showed promising results and enabled the 
detection of yielding point for both cracked and un-cracked specimens. Further work is 
needed to validate the acceptance thresholds and extrapolate the results to in-service 
structures. 
Keywords: Cyclic load test, prestressed concrete, acoustic emission (AE), AE 
energy  
5.2 INTRODUCTION 
Deterioration of existing concrete structures has raised the need for advanced 
nondestructive testing (NDT) techniques to determine the current structural state of the 
members and to assist in the evaluation of repairs. NDT is also required for testing new 
structures to ascertain safety and serviceability of the members prior to service. Most of 
the classic NDT methods are only capable of detecting and, in some cases, imaging the 
apparent damage. Monitoring in-service structures with structural health monitoring 
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techniques such as acoustic emission (AE) can provide more insight to the behavior of 
concrete members and develop better diagnosis for the integrity of structures. 
Many studies have investigated the feasibility of AE as a damage characterization 
technique for concrete structures (for example, Golaski et al. 2006; Aggelis et al. 2007; 
Shiotani et al. 2007; Ziehl et al. 2009; Ono 2010). The ability of AE to monitor crack 
formation and propagation has been proven by several studies for both reinforced and 
prestressed concrete (Xu 2008; ElBatanouny et al. 2012).  
AE signals are gathered through sensors placed on the surface of concrete. Proper 
filtration of AE data should be carried out to discard non-genuine data before analysis. 
Different AE parameters and criteria have been proposed and evaluated in the literature 
for damage assessment. Several parameters have been developed based on the Kaiser 
Effect; the absence of detectable acoustic emission until previously applied load stress 
levels are exceeded, as the lack of this phenomenon can be considered an indication of 
damage (Kaiser 1953). Other criteria have been developed based on the different 
parameters measured from the waveforms such as signal amplitude, signal strength, 
frequency, etc.  However, only a few studies have investigated the implementation of AE 
energy to develop a damage qualification method (Colombo et al. 2005; Benavent-
Climent et al. 2011).  
This paper examines the effectiveness of a damage index based on cumulative AE 
energy (Benavent-Climent et al. 2011) gathered during cyclic load testing (CLT) of 
prestressed girders. This load testing method has been proposed by ACI Committee 437 
(ACI 2007) and includes a series of loading and unloading cycles with increasing 
magnitude up to a predefined maximum load level. The CLT method involves three 
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acceptance criteria based on load-deflection response for structural evaluation. The 
results of the CLT acceptance criteria for this study have been investigated by 
ElBatanouny (2012). 
Most in-service structures have experienced different levels of damage. Some 
members could have encountered corrosion of reinforcing steel or may have developed 
cracks with various widths. The ability of acoustic emission to assess damage on 
members with different conditions should be examined. Therefore, five of the eight 
specimens in this study were preconditioned. These specimens were pre-cracked and 
corroded to different levels before the CLT test was conducted. AE was used to monitor 
the specimens during the CLT to investigate AE based damage evaluation methods for 
both pre-existing and newly developing damage. An existing damage assessment AE 
parameter based on AE cumulative energy, referred to as a damage index (Benavent-
Climent et al. 2011), was examined. The results were used to propose a modification for 
this method to make it applicable for field conditions.  
5.3 RESEARCH SIGNIFICANCE 
Nondestructive evaluation (NDE) of in-service concrete structures is needed to 
monitor the ongoing deterioration and to assess the performance of repairs. Acoustic 
emission (AE) has proven to be a promising candidate as a damage assessment technique. 
However, its reliability is not well-established. Previous studies have been conducted on 
reinforced concrete (RC) members, but few investigations deal with prestressed concrete 
(PC). This paper examines the feasibility of a previously proposed AE parameter to 
quantify damage in PC flexural members. A critical modification to broaden the 
applicability of this parameter is also proposed. The results show the ability of AE to 
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detect damage and to provide a better understanding of the behavior of PC members with 
existing damage. 
5.4  ACOUSTIC EMISSION 
Acoustic Emission (AE) is the technique that detects and measures elastic waves 
initiated by a rapid release of energy from localized source within a material such as 
cracking or deformation (ASTM E 1316). The waveforms of AE signals (hits) include a 
number of parameters such as amplitude, duration, signal strength, and signal energy 
along with frequency information in the event that the waveform is digitized. AE is a 
highly sensitive technique (in the kHz range) which enables it to detect damage in the 
micro-cracking stage, long before it is visible. AE is a passive sensing technique by 
definition; therefore, it can be used for inspection by gathering data during load tests or 
for continuous monitoring of in-service facilities.  The proper sensor type and array 
should be used to cover the monitored area efficiently. For damage quantification, AE 
signals are analyzed and different parameters are utilized.  
5.5 INDEX OF DAMAGE 
This damage evaluation method was proposed by Benavent-Climent et al. (2011) 
based on the relation between the cumulative AE energy and plastic strain energy 
dissipated by concrete. This index was developed during the seismic loading of a 
reinforced concrete slab, with the dimensions of 2.7 x 2.7 x 0.125 m (106 x 106 x 5 in.), 
supported on four steel columns. The slab was subjected to fifteen seismic simulations 
using a uniaxial shake table that replicated the ground acceleration recorded during the 
Campano-Lucano earthquake (Italy, 1980). The peak acceleration was increased over the 
fifteen seismic simulations until it reached the limit of damage permitted for a level I 
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earthquake; which is defined by yielding of reinforcing bars or slippage of steel in 
concrete. The slab was monitored during the test by eight low frequency sensors of type 
VS30-V using a threshold of 45 dB. The plastic strain energy dissipated due to the 
cracking of concrete, friction between adjacent surfaces, and the rise of steel temperature 
inside the concrete was estimated based on the basic principles of dynamics and using the 
measured displacement and strain values.  
Damage indices based on the ratio of strain energy dissipation divided by ultimate 
strain energy were developed and could effectively characterize damage for RC members 
tested in a previous study under seismic loading (Park and Ang 1985). Benavent-Climent 
et al. correlated the accumulated AE energy with plastic strain energy and subsequently 
an index of damage in terms of accumulated AE energy was developed. This index of 
damage was defined as “ he  umul  ive ene gy     ny ins  n   u ing  he  es   ivi e   y 
the cumulative energy at the end of the seismic simulation at which the RC member 
expe ien es  he m ximum  llow  le   m ge” (Equation 5.1). Thus to be able to estimate 
the index value, the value of   
   is needed. This realization can limit the applicability of 
this method in the field where the value of   
   is not available. A previous study showed 
that AE energy is related to the volume of damaged concrete (Carpinteri et al. 2007). 
Further investigations on this approach may lead to a derivation of an equation to 
estimate    
   for RC members. 
   
   
  
       (Eqn. 5.1) 
  An investigation on the damage index was conducted by Larosche (2012) where 
five full-scale single prestressed pile to bent cap specimens were subjected to cyclic 
displacements. Each specimen was monitored with eight 55 kHz resonant (R6i) AE 
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sensors. Cumulative energy was estimated at each cycle using two AE sensors at the most 
damaged areas of the piles. These values were divided by the average cumulative energy 
attained at the end of the test for the different specimens. The results showed a clear trend 
when plotted versus the displacement of the corresponding cycle normalized by the 
average ultimate displacement. An exploration of this method for prestressed concrete 
girders subjected to cyclic load testing is conducted in this study.  
5.6 EXPERIMENTAL PROCEDURE  
5.6.1 Description of test specimens: 
Eight prestressed T- beams with a length of 4.98 m (16 ft. 4 in.) were included in 
this study. Each beam was reinforced with two 13 mm (0.5 in.) low relaxation 
prestressing strands prestressed to 68% of ultimate strand stress [fpu = 1,860 MPa (270 
ksi)]. The cross section and reinforcement of the specimens is shown in Figure 5.1. All 
specimens were designed to fail in flexure. The test matrix included three pristine (un-
cracked and not corroded) specimens and five pre-cracked corroded specimens. For pre-
cracked specimens, a four-point bending test was used to load the specimens until the 
desired crack width was achieved. Four specimens were loaded to 60% of their nominal 
capacity to reach a crack width of 0.4 mm (0.016 in.) and the fifth specimen was loaded 
to 80% of its nominal capacity to achieve a crack width of 0.8 mm (0.032 in.). After the 
removal of load, the cracks close due to the prestressing force with the exception of 
specimen C5-0.8 where cracks were still visually observed. The pre-cracked beams were 
corroded and theoretical mass loss was calculated using the Auyeung et al. (2000) 
equation (Equation 5.2) which was developed for reinforcing bars embedded in concrete. 
This equation is a modified version of Faraday‘s equation as the latter can only be used 
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for stand-alone metals immersed in solution (Auyeung et al. 2000). In Equation 5.2, i is 
the current in Amperes and t is the time in seconds. The compressive strength of the 
concrete and condition of specimens are summarized in Table 5.1 (ElBatanouny 2012). 
The un-cracked specimens were identified by the letter ―U‖ followed by the specimen 
number (for example U1) while the cracked specimens were identified by the letter ―C‖ 
followed by the specimen number and crack width in millimeters (for example C1-0.4). 
M ss loss        
i        2 
 2       
-    2      (Eqn. 5.2) 
5.6.2 Test setup and instrumentation 
Specimens were simply supported and tested in flexure under four-point loading as 
shown in Figure 5.2. Each specimen was instrumented with two string potentiometers to 
measure the mid-span deflection. Two LVDT‘s were mounted at the ends of each pre-
stressing strand to measure strand slippage.  Widths of selected cracks were observed 
during the test by two crack mouth opening gages. For AE data acquisition, 16 AE 
sensors of 55 kHz resonant frequency (R6i) were attached to each specimen with the 
layout shown in Figure 5.2. Only the six sensors near mid-span (filled sensors in the 
figure) were used for AE data analysis in this study.  
5.6.3 Loading Protocol 
Specimens were loaded in increasing magnitude loadsets as stated in ACI 437.1R-
07. All specimens were subjected to seven loadsets with the exception of specimens C5-
0.8 (eight loadsets) and C3-0.4 (six loadsets).  A loading rate of 0.90 kN/s (200 lbf/s) was 
used. Each loadset consisted of two twin cycles of approximately the same load. Figure 
5.3 shows the load cycles versus time for specimen U2. As presented in the figure, the 
load during cycles 1, 2, 5 and 6 was ramped with constant rate without any load holds 
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until it reached the desired level, then it was held for four minutes and ramped down with 
the same rate. These cycles were performed to enable acoustic emission monitoring and 
are not a typical portion of the CLT test. The other cycles were implemented according to 
the CLT protocol as proposed by ACI Committee 437 (2007). Each of these cycles had 
five load steps with 2 minute holds in between except after the fifth load step in the odd 
cycles and after the fourth load step in the even cycles, as the load remained constant at 
these stages for four minutes instead of two. The changes in load hold period were also 
utilized for AE evaluation purposes. 
The maximum load level in cycle 1 is equal to 75% of service load (Ps). The 
service load was calculated as the load that results in zero net flexural stress in the bottom 
fiber of the beam at the load points, consistent with Class U PC members (ACI 2011). 
The load during cycle two is 90% of the load achieved in cycle 1. The maximum load 
level in cycle 3 and 4 corresponded to the service load (Ps). For the third loadset; the 
specimens were loaded up to the theoretical cracking load (Pcr) during cycle 5 and to 
90% of this load level during cycle 6. The cracking load was calculated as the load which 
develops tensile stress equal to ft; maximum allowable tensile stress for Class U PC 
members (ACI 2011). For the following loadsets the maximum load was increased 
gradually until it reached 90% of the nominal capacity (0.9Pn) on the last loadset. To 
keep the actuator engaged a minimum load of 2.2 kN (500 lbf) was maintained 
throughout the test and was sustained for a period of five minutes after each cycle. For 
the ultimate failure load assessment, each specimen was loaded up to failure after test 
completion. More details on the test procedure can be found in ElBatanouny (2012). 
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5.6.4 Data Filters 
In order to disregard the non-genuine data, AE data must be filtered. Background 
noise, friction between test instruments and the specimen, and mechanical and electrical 
noise are all examples of possible sources of false data that are not related to the structure 
response. Neoprene pads were used between the roller supports and the specimens to 
reduce friction. A special power supply was also used to minimize electrical noise. 
After gathering the data, three data filters were applied. The first filter is an amplitude 
filter of 60 dB to delete all signals with lower amplitude. The second filter is based on 
duration and amplitude limits and designated as a D-A filter or Swansong II filter (Fowler 
et al. 1989; Tinkey et al. 2002). The third filter is dependent on the correspondence 
between rise time and amplitude and is referred to as an R-A filter. The limits set for the 
second and third filters are listed in Table 5.2. 
5.7 RESULTS AND DISCUSSION 
The load at which each specimen failed as well as the failure mode are presented in 
Table 5.1. A specimen is considered failed due to excessive residual deflection if it 
exceeded the maximum allowable residual deflection described by ACI 318-11 (2011) 
which is estimated to be 25.9 mm (1.02 in.) for these particular specimens. This excessive 
deflection was attributed to slipping of strands which was observed in all specimens 
except U1 and C5-0.8. Specimen C3-0.4 experienced convergence of two cracks at the 
edge of the constant moment zone at the bottom fiber which led to spalling of concrete; 
thus the beam was considered failed.  
In order to investigate the effect of corrosion on the slipping of strands, an 
insufficient development length was deployed in all specimens and the strands that have 
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been used in some of the specimens were pre-corroded (specimens U1 and C5-0.8). The 
required development length for the prestressing strands was calculated according to the 
ACI equation (ACI 2011). It was found that a development length of 3.74 m (95 in.) is 
needed for the strands to reach their ultimate strength. The provided development length 
was 2.91 m (74 in.). This shortage of development length resulted in slipping of strands 
before reaching its ultimate capacity and thus strand rapture was not attained. The 
slipping of strands enhanced the ductility behavior of the specimens when compared to 
the brittle failure represented by strand rapture. The different behavior of specimens U1 
and C5-0.8 can be attributed to the fact that they were the only specimens cast with pre-
corroded strands. The bond between strand and adjoining concrete may have been 
improved by the corrosive layer of the strand (Janney 1954); consequently slipping was 
prevented in these specimens. 
5.7.1 Damage index 
Benavent-Climent et al. (2011) defined the index of damage (ID) as the cumulative 
AE energy at any point of the test divided by the cumulative AE energy when the max 
allowable damage is attained. In this study, cumulative energy was computed using the 
data gathered by the six sensors placed on the most damaged region (filled sensors in 
Figure 5.2). 
For un-cracked specimens, the limit of admissible damage was defined by the 
onset of specimen yielding; which can be related to cracking initiation. The yield point 
was estimated from the envelope of the load-defection response as illustrated in Figure 
5.4(a). The three un-cracked specimens were on the brink of yielding at cycle 8. 
Subsequently, the index of damage was calculated by dividing the cumulative energy at 
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the end of each cycle by the cumulative energy at the end of cycle 8. The index was 
computed only for the even cycles in order to have a clear pattern for the index with 
increasing load (as the twin cycles had approximately the same load). The results are 
plotted in Figure 5.5 versus the corresponding load of the cycle normalized by the 
ultimate failure load. Before yielding, all specimens had the same behavior then it 
deviated after yielding with different slopes (Figure 5.5). These specimens yielded at 
cycle 9 which had a maximum load of 0.70Pu.  ID values greater than one indicate that 
the accumulated damage exceeded the allowable limit and the specimen had yielded 
(which is true for cycles after cycle 8). 
The permissible damage limit in pre-cracked specimens was defined by global 
yielding of the specimen estimated from the load- deflection relation as shown in Figure 
5.4(b). All specimens that were pre-cracked to a crack width of 0.4 mm (0.016 in.) were 
on the verge of yielding at cycle 6, with the exception of specimen C3-0.4 which yielded 
after cycle 4. At the maximum load of these cycles, the crack width exceeded 0.33 mm 
(0.013 in.) which corresponds to level 2 cracks according to the ODOT crack comparator 
tool; where level 1 corresponds to hairline cracks with a maximum crack width less than 
0.33 mm (0.013 in.); level 2 for cracks of max width between 0.33 mm (0.013 in.) and 
0.63 mm (0.025 in.); and level 3 for cracks that exceeds 0.63 mm (0.025 in.) in width 
(Lovejoy 2008). The index of damage was calculated using cumulative energy at the end 
of the even cycles divided by the cumulative energy at the end of the cycle which had 
maximum admissible damage (at the brink of yielding). The results were plotted versus 
normalized load as shown in Figure 5.6. The results showed a clear trend for all the 
specimens that can be used to assess the amount of accumulated damage. However, the 
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value of cumulative AE energy at the onset of yielding is not readily determined in field 
which restricts the applicability of this method for damage assessment of real structures. 
Therefore, a critical modification to this index is proposed in the following section to 
present a method that could be used in field based on AE energy. 
5.7.2 Modified Index of Damage (MID) 
A modification to the Benavent-Climent et al. (2011) index is proposed to assess 
damage using cumulative AE energy. The suggested index is computed by normalizing 
the cumulative AE energy at any point of the test by the cumulative AE energy at the end 
of the initial load cycle. The modified index (MID) results for the three un-cracked 
specimens versus the normalized load are plotted in Figure 5.7. The modified index was 
also calculated at the end of the even cycles for consistency. An explicit pattern of the 
data points is observed where the point of yielding can be easily identified. As seen in 
Figure 5.7, the slope of the data line changed after cycle 8 where the yielding had started. 
A criterion for pristine girders can be developed based on the results such that MID value 
greater than 15 indicates yielding of the specimen.  
The MID results for the preconditioned specimens are shown in Figure 5.8. The 
four pre-cracked specimens with a crack width of 0.4 mm (0.016 in.) yielded after MID 
values exceed a value of 8.0. 
The heavily cracked specimen (C5-0.8) was preloaded to 80% of its nominal 
capacity before the test to reach the desired crack width. Thus, it did not show a yielding 
point during the cyclic load test (Figure 5.9) as it yielded in the pre-cracking stage. The 
ID value for this specimen could not be calculated as the value of cumulative energy at 
yielding is not available (the beam was not monitored in the pre-cracking stage). The 
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results of MID did not effectively describe the amount of existing damage in the beam 
(Figure 5.10). The cracks in this specimen were visual (open) and the camber was already 
lost after the pre-cracking stage. This means that the prestressing force was diminished 
before the cyclic load test and most of the damage had already occurred. Existing damage 
does not generate AE signals if it is not active, which explains the lower amount of AE 
data gathered at the end of the test for this beam. Thus, the use of MID method can be 
limited to specimens which are not exhibiting major damage. In cases of heavily 
damaged specimens the use of another damage assessment parameter is recommended. 
5.8 CONCLUSIONS 
A damage assessment parameter, based on AE cumulative energy, was investigated 
through monitoring eight PC specimens subjected to the cyclic load test (CLT) protocol 
as described in ACI 437 (2007). Five of the specimens were preconditioned to different 
levels. The conclusions drawn from this study can be summarized as follows: 
1. The bond between the strand and the surrounded concrete was improved by the 
use of pre-corroded strands and consequently the slipping was prevented. 
2. An AE damage assessment parameter, index of damage (ID), based on cumulative 
energy can be computed such that ID value less than one indicates that the max 
allowable damage, which is defined here as global yielding, has not been reached 
by the specimen. 
3. The index of damage showed promising results for un-cracked and pre-cracked 
specimens, with initial crack width of 0.4 mm (0.016 in.). The results can be used 
to assess the amount of damage present in similar specimens. However, the 
method cannot be used in the field or for specimens that have already exceeded 
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the level of allowable damage; as the value of cumulative AE energy at maximum 
admissible damage would be unknown in these cases. 
4. The proposed modified index of damage (MID) enhances the feasibility of this 
method for field applications. MID results showed a clear correlation with 
increasing damage and can readily identify the yielding point. 
5. Evaluation criteria based on MID results are proposed where: MID greater than 
15 for un-cracked specimens and MID greater than 8.0 for pre-cracked specimens 
indicate the specimen has yielded. Further investigation is needed to verify these 
limits and its applicability for actual field implementation. 
6. Neither ID nor MID could quantify the amount of damage for the heavily cracked 
specimen (C5-0.8). However, in this case it was visually clear that the specimen 
had exceeded the level of permissible damage. 
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Table 5.1: Description of Failure and condition of the specimens 
 
Specimen 
Compressive 
strength, MPa 
(psi) 
Crack Width, 
mm (in.) 
Theoretical 
sectional mass 
loss, % 
Failure load,   
kN (kip) 
Failure mode 
U1 29.0 (4,200) ---- 0% 103.7 (23.3) strand rupture 
U2 
40.7 (5,900) 
---- 0% 113.9 (25.6) 
excessive residual 
deflection  
U3 ---- 0% 113.9 (25.6)  
C1-0.4 0.4 (0.016) 15% 101.0 (22.7)   
C2-0.4 0.4 (0.016) 15% 100.1 (22.5)   
C3-0.4 0.4 (0.016) 30% 76.5 (17.2)   
concrete spalling at the 
bottom fibers 
C4-0.4 0.4 (0.016) 30% 89.9 (20.2)   
excessive residual 
deflection 
C5-0.8 29.0 (4,200) 0.8 (0.032) 16% 89.9 (20.2)  strand rupture 
 
 
Table 5.2: Data rejection limits for AE filters (ElBatanouny 2012) 
 
D-A filter R-A filter 
Amplitude (dB) Duration (µs) Amplitude (dB) Rise time (µs) 
60-67 >2,000 60-67 >300 
68-75 >4,000 68-75 >450 
76-83 >6,000 76-83 >600 
84-91 > 8,000 84-91 > 750 
92-100 >10,000 92-100 >900 
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Metric (SI) conversion factors: 1 in. = 25.4 mm 
 
 
Figure 5.1: A schematic of the geometric properties and reinforcement 
 
 
 
Metric (SI) conversion factors: 1 in. = 25.4 mm 
 
 
Figure 5.2: Test setup and AE sensors layout  
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Figure 5.3: Specimen U2 loading protocol  
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(a) 
(b) 
 
Figure 5.4: a) Load-deflection response for specimen U1, b) Load-deflection 
response for specimen C2-0.4 
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Figure 5.5: Index of damage versus load (normalized) for un-cracked specimens 
 
 
 
 
Figure 5.6: Index of damage versus load (normalized) for pre-cracked specimens 
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Figure 5.7: Modified index of damage for un-cracked specimens 
 
 
 
 
Figure 5.8: Modified index of damage for pre-cracked specimens 
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Figure 5.9: Load-deflection response for specimen C5-0.8 
 
 
 
 
Figure 5.10: Modified index of damage for specimen C5-0.8 
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 
6.1 SUMMARY 
In this research, the ability of acoustic emission to detect different types of 
degradation mechanisms was assessed in three different studies. The first study explored 
the ability of AE to detect damage during load tests of different types of concrete 
structures. Factors such as specimen type, specimen size, sensor type, number of sensors, 
and type of loading were reported. The limits set for the evaluation criteria of each 
method were presented and discussed. 
The second study provided a detailed review of corrosion detection methods in 
reinforced and prestressed concrete using AE. Recommendations regarding successful 
methods are presented. The main purpose of the first and second study was to provide 
useful recommendation to future researchers regarding successful AE based methods 
which have the promise of being applied in field investigations. 
The last study used AE index of damage method to assess the condition of 
prestressed beams tested under cyclic load test (CLT) protocol. The specimens had 
different initial conditions to represent some of the existing problems in field structures. 
The method enabled proper assessment of the condition of the specimens; however, the 
applicability of the method in field is compromised. Therefore, a modification for the 
method was proposed to enable condition assessment of in-service structures. The
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conclusions of each study are presented below along with general conclusions and 
recommendations for future research. 
6.2 SUMMARY AND CONCLUSIONS OF EACH STUDY 
6.2.1 AE in damage assessment during load tests 
 Intensity analysis enabled successful damage identification in both laboratory 
and field tests. The results shows that the method may be independent on scale  
 The calm ratio versus load ratio is not reliable as there are no consistent limits 
for damage classification.  
 PCSS ratio was successfully used to assess damage for RC members in 
laboratory and field. The method failed to detect damage in PC members. 
 No clear trend was seen when the relaxation ratio was used for RC and PC 
members. 
 A b-value and Ib-value lower the unity are related to significant damage. 
 Global performance index was developed from a field test; it uses data from 
AE and CLT protocol. A value exceeding unity is considered as an indication 
of significant damage.   
6.2.2 AE in corrosion detection in concrete structures 
 Acoustic emission can detect the onset of corrosion and nucleation of cracking 
before most electrochemical methods such as half-cell potential and galvanic 
current. Corrosion initiation and cracking can be identified by two periods of 
high AE activity. Conventional parameter such as counts, number of hits, 
cumulative event number and cumulative signal strength were successfully 
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used for this purpose. Condition assessment methods such as b-vale and Ib-
value were also successful. 
 Nucleation of tensile cracking due to corrosion was detected using the 
relationship between RA values and average frequencies. However, further 
research should investigate the feasibility of using this method to classify AE 
sources. 
 AE can effectively locate the corrosion damage by using source location 
techniques which enables owners to perform repairs.    
 SiGMA analysis can be used for mapping the location, type and orientation of 
cracks developed in the process of corrosion in RC specimens. However, the 
applicability of this method in field is questioned due to the large number of 
sensors required. 
 Quantification of corrosion damage can be performed using intensity analysis 
chart.  The chart is divided into different regions that correspond to different 
corrosion levels. Two sets of chart boundaries were proposed for the cases of 
un-cracked and cracked PC specimens. However, more investigation is 
needed to establish the proposed boundaries in field. 
6.2.3 AE based damage assessment method for prestressed concrete structures 
 The bond between the strand and the surrounded concrete was improved by 
the use of pre-corroded strands and consequently the slipping was prevented. 
 AE damage assessment parameter, index of damage (ID), based on cumulative 
energy can be computed such that ID value less than one indicates that the 
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max allowable damage, which is defined here as global yielding, has not been 
reached by the specimen. 
  ID showed promising results for un-cracked specimens and pre-cracked 
specimen, with initial crack width of 0.4 mm (0.016 in.). The results can be 
used to assess the amount of damage present in similar specimens. However, 
the method cannot be used in field or for specimens that had already exceeded 
the level of allowable damage; as the value of cumulative AE energy at 
maximum admissible damage would be unknown in these cases. 
 The proposed modified index of damage (MID) enhances the feasibility of 
this method to be applied in field. MID results showed a clear correlation with 
the increasing damage and can easily identify the yielding point. 
 Evaluation criterion based on MID results is proposed where: MID greater 
than 15 for un-cracked specimens and MID greater than 8 for pre-cracked 
specimens indicate that the specimen had yielded. Further investigation is 
needed to verify these limits and its applicability on both laboratory and field 
implementations. 
 Both ID and MID could not quantify the amount of damage for the heavily 
cracked specimen (C5-0.8). However, it can be visually concluded that the 
specimen had exceeded the level of permissible damage. 
6.3 GENERAL CONCLUSIONS 
This study showed the ability of AE to detect damage during load tests as well as 
to detect corrosion of steel reinforcement embedded in concrete. Some AE techniques 
have the ability to classify the degree of damage. For example, AE intensity analysis 
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charts can be developed to evaluate damage occurring during load tests as well as 
corrosion damage. The study also showed that this method may be independent on 
specimen size which is an important advantage for field implementation.  
A modification for AE index of damage method was proposed in this research. 
The modified method is able to assess the condition of specimen in terms of yielding 
point. The method may be applied during field tests for further assessment. 
6.4 RECOMMENDATIONS AND FUTURE WORK  
A series of benchmark tests is needed to compare between different AE condition 
assessment methods. AE damage assessment criteria should set limits for damage 
classification based on standardized laboratory load tests. A clear definition of damage 
should be given with the proposed limits. These limits should be dependent on type of 
concrete, RC and PC, and the results of similar specimens loaded under similar condition 
should be comparable. After establishing damage classification limits for different 
criteria field tests should be commenced on structures with known conditions to verify 
the applicability of these methods to full scale specimens in field environment. The 
repeatability of test results has to be ensured through standardizing loading protocol, 
sensors placement, sensor type, and limits for AE damage assessment criteria.  
 Further studies should also be conducted for verifying the behavior of AE 
parameters due to corrosion process in different types of concrete specimens and setting 
limits for corrosion quantification. Future researchers should put emphasis on classifying 
AE source by differentiating between AE signals due to corrosion and signals due to load 
related deteriorations. This classification would broaden the application of AE for 
monitoring in-service structures and provide sufficient justification for maintenance 
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decisions. Studying the characteristics of AE signals (waveforms) produced in the two 
cases is a possible approach to achieve reliable source classification. 
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